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The height and geometry of auroral radio echoes 


C. D. Watkins 
Jodrell Bank Experimental Station, University of Manchester 


(Received 7 March 1960) 


Abstract—The geometry of auroral radio echoes detected at Jodrell Bank with low sensitivity equipments 
(wavelength 4 m) is discussed. It has been found that echoes are only obtained from regions where the 
line of sight is within 1° of perpendicularity to the lines of force of the local magnetic field at a height of 
about 110 km, with a spread in height of the echo regions of not more than 5 km. This conclusion is in 
disagreement with the original interpretation of BULLouGH and Katser (1954) who proposed that the 
range-azimuth characteristics of the echoes arose from the alignment of the reflecting regions along 
geomagnetic latitudes. The new result agrees well with other observations carried out at Jodrell Bank on 
a wavelength of 8 m and with observations of the aurora australis carried out in Antarctica and New 
Zealand on shorter wavelengths. It is suggested that small differences in the location of the echo- 
regions arise from changes in the height of the regions and distortions of the lines of force during magnetic 
disturbances. 
1. INTRODUCTION 

THE results of a study of auroral radio echoes carried out at Jodrell Bank between 
1949 and 1954 with two equipments working at wavelengths near 4 m have been 
given by BULLOUGH and KalIseER (1954, 1955) and by BuLLOoUGH ef al. (1957) (re- 
ferred to in this paper as I, II, III, respectively). The majority of these results 
were obtained with a fixed aerial equipment normally used for the determination of 
meteor radiants and which covered only a limited sector of the sky towards the 
north-west. A rotating aerial equipment was brought into operation in 1953 but 
because of the low level of activity at that time only a few results were obtained. 

The present communication mainly deals with results obtained from continuous 
observations made with both sets of apparatus from 1954 until the end of 195s. 
On a small number of occasions auroral echoes have also been studied on a wave- 
length of 4 m with a northerly-directed aerial, and on a wavelength of 8 m with a 
radio echo equipment designed to measure upper-atmospheric winds by observing 
the drifts of meteor trails. 

2. APPARATUS 

Both 4 m equipments use comparatively low-power transmitters with pulse 
lengths of about 20 usec. The gains of the fixed and rotating aerials (compared 
with an isotropic radiator) are 250 and 90, respectively. The maximum sensitivity 
of both aerials occurs at an elevation of about 10°. The results from each equip- 
ment are recorded in range-time co-ordinates by photographing brightness- 
modulated cathode-ray tubes on continuously moving 35 mm film. In the case of 
the rotating aerial equipment the time co-ordinate is also a measure of aerial 
azimuth. Detailed accounts of both equipments have been given by ASPINALL 
et al. (1951) and by Lovett (1957). The northerly-directed aerial is used in con- 
junction with the 4 m fixed beam equipment and has a comparatively-low gain 
with the maximum sensitivity occurring at an elevation of 20°. 

The 8 m apparatus operates with a transmitter power of 100 kW and has been 
described in detail by GREENHOW (1954). The common transmission—reception 
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aerial system is a six-director Yagi mounted a half wavelength above the ground 
and the range-amplitude characteristics of the received signals are recorded by 


photographing a cathode-ray tube. 


3. EcHo CHARACTERISTICS AND HEIGHT 

Sections of film record illustrating diffuse and discrete echoes detected on the 
4 m equipments are shown in Figs. | and 2. The term discrete is applied to echoes 
which show no extension in range beyond that of the transmitted pulse. The 
range—azimuth configuration of the echoes is similar for both types of echoes and 
takes the form of the horseshoe shape shown in Fig. 2. The lack of echoes at the 
minimum range is caused, in general, by the low aerial sensitivity at the corre- 
sponding elevation. 

The 8 m auroral observations have been made when, for the purpose of wind 
measurements, the aerial has been directed towards either the north or the west. 








Echo amplitude 














Range, km 


3. The range—amplitude variation of echoes detected towards the north 
on a wavelength of 8 m. 


Most of the echoes were detected from the north and only rarely from the west 
even when strong echo regions were known to exist towards the north. On the 
occasions when echoes were obtained from the west it is likely that they were 
detected in a northerly side lobe of the aerial. The mean range-amplitude varia- 
tion for a series of echoes obtained while observing to the north is shown in Fig. 3. 
The main feature is the sharp cut-off of echoes at about 300 km range with only 
about 50 km difference between this and the range of maximum echo amplitude. 

The aerial systems used have comparatively poor resolution for elevation 
measurements and therefore individual measurements of heights are inaccurate. 
However, some estimate of the heights of the echo regions has been made from the 
range-number distribution of echoes obtained on the rotating aerial equipment. 
For each 100 km range interval the number of 10 min time intervals containing 
echoes has been obtained. Fig. 4 shows the result plotted for diffuse and discrete 
echoes and separately for azimuths east and west of magnetic north. The maxi- 
mum occurrence of diffuse echoes is in the range interval 500-600 km and of 
discrete echoes in the interval 400-500 km. The distribution of Fig. 4 can be 
compared with the theoretical range-number curves calculated from the elevation 
polar diagram of the aerial for various echo region heights and range dependence. 
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Fig. 1. Auroral echoes detected with the fixed beam equipment. (a) Extensive diffuse 
echoes, 4 September 1958. (b) Localized diffuse echoes, 23 January 1957. (c) Discrete 
echoes, 5 September 1958. 
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Fig. 2. Auroral echoes detected with the rotating aerial equipment. (a) Extensive diffuse 


echoes, 29 March 1957. (b) Localized diffuse echoes, 4 September 1958. (c) Discrete echoes, 


4 September 1958. 





The height and geometry of auroral radio echoes 


From these it has been estimated that the echo regions are located at a height of 
about 110 + 15 km. The maximum occurrence for diffuse echoes is at a longer 
range than that for the discrete echoes and this suggests that the discrete echoes 
occur at slightly lower heights than the diffuse echoes. The distributions of Fig. 4 
are not accurate enough to enable the range dependence of the echo amplitude 
to be derived. 
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Fig. 4. The range-number distribution of echoes detected 
with the rotating aerial equipment. 


The above value of the height of the echo regions confirms the estimate made 
in I and is in good agreement with the observations by Harane and Tr6rm™ (1959) 
at Kjeller and the accurate measurements of UNwin and GapsDEN (1957) at 
Invercargill. The tendency of discrete echoes to occur at lower heights than the 
diffuse echoes is not confirmed by the New Zealand workers (Unwin, 1958b) who, 
in fact, find the reverse to be the case. 

The height of the echo regions coincides closely with that of the average lower 
limit of visual auroral forms and also with the height at which auroral light 
intensity is a maximum (HARANG, 1951). 


4. Toe Ecuo GEOMETRY 


The large number of observations made during the last sunspot maximum has 
shown that the range—azimuth configuration of the auroral echoes detected with 
the rotating aerial equipment has remained substantially similar to that of Fig. 2. 
Furthermore, no echoes have been obtained towards magnetic north at a range 
corresponding to the maximum aerial sensitivity. Thus the range azimuth con- 
figuration of Fig. 2 cannot be explained in the way suggested by BuLLOUGH and 
KaltseEr in I. They suggested that echoes were obtained by reflection from ioniza- 
tion extended along a geomagnetic latitude. Their conclusion, however, was 
based on only a few observations and a necessary condition for its validity is that 
for a large number of observations, echo configurations corresponding to various 
geomagnetic latitudes south of 63° N should be obtained. Thus the absence of any 
appreciable change in the range—azimuth configuration rules out this explanation. 

The theory that auroral echoes are obtained by aspect-sensitive reflection 
from ionization aligned along the lines of force of the earth’s magnetic field 
has been put forward by several workers (e.g. BooKER et al., 1955; UNwin, 
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1958a; Prrerson ef al., 1955). The geometry of specular reflection based on the 
idealized dipole field was worked out by CHAPMAN (1952) and applied to the 
location of Jodrell Bank by Carn (1953). Using these results it was shown in I 


Azimuth from 
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Fig. 5. Range—azimuth curves of equal angles between the line of sight and the local 
magnetic field lines for heights of (a) 120, (b) 100 and (c) 80 km. 


that the observed echo configuration was markedly different from that expected 
from specular reflection and it was concluded that the echo geometry was not 
related to the dipole field. 

Over the region where echoes are detected, the surface values of magnetic dip 
are about 3° smaller than those predicted from the dipole field. In the absence of 
local irregularities it is reasonable to expect that at a height of about 100 km (i.e. 
small compared with the radius of the earth) the direction of the local magnetic 
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field will be represented more nearly by the surface value than by that of the 
idealized dipole field. Figs. 5 and 6 have been derived on this assumption. Fig. 5 
shows, in range—azimuth co-ordinates, curves of equal angles between the line of 
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Fig. 6. Range—azimuth loci of points where the line of sight is specular to the local magnetic 
field lines at heights of 80 to 120 km, AA’ and BB’ are the zero and half-power limits of the 
fixed aerial beam. 
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Fig. 7. The location of a number of echo regions compared with the specular loci at heights 
of (a) 120 km, (b) 100 km and (c) 80 km. 


sight from Jodrell Bank and the local magnetic field lines for heights of 80, 100 and 
120 km and Fig. 6 shows the loci of specular reflecting points for the same heights. 
The range—azimuth configuration of the specular loci is seen to bear a striking 
resemblance to that of the auroral echoes shown in Fig. 2. Several echo region 
locations are plotted in Fig. 7 together with the specular loci of Fig. 6. It can be 
seen that in general there is good agreement between the locations of the echo 
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regions and the specular locus at a height of about 110 km. It can therefore be 


concluded that the echoes are obtained by specular reflection from ionization 
aligned along the local magnetic fieid lines. 

It is to be noted, however, that although echoes are detected by specular 
reflection this does not rule out the possibility that auroral ionization, in general, 
is arranged along geomagnetic latitudes as proposed in I. The consequence of the 
specular condition is that, irrespective of the distribution of the bulk of the auroral 
ionization, echoes are detected only from the ionization which coincides with the 
specular locus at that height. Evidence that on a large-scale auroral ionization is 
in fact arranged along geomagnetic latitudes has been presented by GREENHOW 
et al. (1960). 

Auroral observations made with the fixed aerial equipment prior to the last 
sunspot minimum were discussed in II and III. In these papers the range-number 
distribution of echoes was interpreted as arising from echo regions occurring at 
various geomagnetic latitudes within the aerial beam. The most probable range 
at which aurorae are detected with this equipment is about 750 km whereas the 
maximum aerial sensitivity for a height of 110 km occurs at a range of about 
500 km. This difference was explained in II as arising from the increase in auroral 
activity at higher latitudes. However, from Fig. 6 it can be seen that the specular 
loci near the height of the echo regions lie within the limits of the aerial beam at 
ranges greater than 700 km. The range-number distribution of the auroral echoes 
can thus be equally well explained on the basis of specular reflection. 

Fig. 3 showed that the 8 m auroral echoes detected towards the north have a 
comparatively well-defined minimum range of about 300 km. This cannot be 
caused by a lack of aerial sensitivity since for a height of 110 km the sensitivity 
is a maximum at 250 km range falling to very low values at about 150 km and 
700km. It is, however, an immediate consequence of the echoes being obtained by 
specular reflection at a height of about 100 km. 

The rigidity of the specular condition and the spread in height of the echo 
regions can be estimated in two ways, viz. by comparing the spread in azimuth of 
the echoes at a given range with that expected from the beam shape of the aerial 
system and by measuring the range depth of the echoes in the direction of magnetic 
north. The spread in azimuth of the echoes as measured from the film records 
has never been significantly greater than that expected from the azimuth polar 
diagram of the aerial system. For ranges greater than about 500 km this enables 
an upper limit of about +5° to be placed on the true azimuth spread of the re- 
flecting regions. From Figs. 5 and 6 it can be seen that this corresponds to off- 
specular angles of +1° and to a maximum spread in height of about +15 km. 

The range depth of the echoes towards magnetic north cannot be measured 
with the rotating aerial equipment because of the low aerial sensitivity at this 
elevation. This measurement has been carried out, however, using the northerly 
directed aerial which has its maximum sensitivity at an elevation of about 20°. 
On a number of occasions when moderately-strong, diffuse echoes were being 
detected at longer ranges by the rotating aerial equipment, echoes were received 
on the northerly aerial which exhibited the double structure of the transmitted 
pulse. This implies that the reflecting regions are thinner than the pulse separation 
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of 50 km and probably have a range depth of not more than 20 km. Figs. 5 and 6 
show that in the direction of magnetic north this is equivalent to an off-specular 
angle of less than +-1° and to a height interval of 5 km. This is in good agreement 
with the above conclusions. The auroral echoes are thus detected from regions 
within a degree of the specular condition and at a height of 110 + 15 km with an 
apparent spread in height for diffuse echoes of not more than 5 km. This estimate 
of vertical thickness is in accord with observations made in New Zealand (UNWIN 
and GADSDEN, 1957) where it has been found that the thickness of the reflecting 
region is less than 2-5 km. The range-amplitude variation obtained on a wave- 
length of 8 m and given in Fig. 3 exhibits a spread in range of about 50 km before 
the maximum amplitude. This suggests that echoes are detectable either up to 
about 10 km lower than the height of maximum amplitude or from locations with 
off-specular angles of about 2°. These limits are somewhat greater than those at- 
tributed to the 4 m observations described previously and indicate that as the 
wavelength is increased the specular condition either becomes less rigorous or the 
spread in height of the echo regions becomes greater. It is probable that both 
interpretations are correct to some extent. 


5. CHANGES IN THE LOCATION OF THE ECHO REGION 


Small but significant changes have been observed in the range—azimuth 
configuration of the echo regions. These are apparent in Fig. 7. If one makes the 
basic assumption that the echoes are only obtained by specular reflection then 
these changes can be caused either by variations in the direction of the magnetic 
field lines or by the echo regions being situated at different heights. The position 
of the specular locus at a constant height is closely dependent on the angle of 
inclination of the field lines. It can be seen from Fig. 5 that a change of inclination 
of a few degrees would modify its position to a marked degree. In general the 
changes in inclination near the echo regions will not be very different from those 
observed at ground level. This is because the current system causing the magnetic 
disturbances takes the form of a strip rather than of a line and consequently the 
magnetic changes are considerably less dependent on the vertical distance from the 
current system. It is also known that the elevation of the coronal point of visual 
aurorae changes by less than about +1° and is generally within about 1° of the 
quiet magnetic zenith (HARANG, 1951; ABBorTT, 1958). Thus the absence of large 
scale changes in the location of the echo regions is in accord with the available 
evidence regarding distortions of the magnetic field at a height of about 100 km. 
Furthermore, the changes in inclination necessary to explain the variations of echo- 
region location are comparable with those known to occur at these heights. 

The changes in echo region location can also be explained in terms of a height 
variation. Although the majority of echoes occur at about 110 km height, the 
overall range of heights observed (as deduced from comparison with the specular 
loci) appears to be from 115 km to 95 km. The lower heights tend to occur during 
the larger magnetic disturbances and to some extent this agrees with the observa- 
tions that visual aurorae decrease in height with increasing activity (HARANG, 
1951). 

It seems more than likely that both the above mechanisms contribute in 
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some way towards the variations in the echo region locations but it is not possible 
at present to deduce which one dominates. 


6. COMPARISON WITH OBSERVATIONS OF THE AURORA AUSTRALIS 


The Jodrell Bank conclusions can be compared with results obtained on 
similar wavelengths at two locations in the southern hemisphere, viz. Halley Bay, 
Antarctica and Invercargill, New Zealand. At both places the Iceal magnetic 
field is such that at #-layer heights a locus of specular reflecting points exists. 

The apparatus in operation at Halley Bay is electrically similar to the rotating 
aerial equipment at Jodrell Bank. Using results obtained with this apparatus 
HARRISON (unpublished) has shown that auroral echoes are only obtained from 
the very restricted region of the sky coincident with the locus of specular reflecting 
points at a height of about 110 km. Furthermore, echoes are not detected away 
from this region even when strong visual auroral forms are present over a large 
area of the sky. 

Unwiy (1958a) at Invercargill has demonstrated that on a wavelength of 5-5 m 
the detection of auroral echoes is strongly controlled by the orientation of the 
local magnetic field lines with the echoes mainly occurring near the location of the 
specular locus at a height of about 110 km. 

There is thus excellent detailed agreement between the Jodrell Bank and 
Halley Bay results and good general agreement with the Invercargill observations. 
At Invercargill, however, the specular condition seems less dominant than at 
either Jodrell Bank or Halley Bay with apparently a significant probability of 
detecting echoes at off-specular angles of 10°. This is probably accounted for 


by the longer wavelength and higher power used at Invercargill and it is difficult 
to say whether or not any other significant difference exists. 


7. MECHANISM OF REFLECTION 


It is obvious from the above discussion that the auroral radio echoes are 
obtained from ionization aligned along the loca] magnetic field lines at a height of 
about 110 km. However, there is some doubt whether the reflections are caused 
by underdense or overdense ionization. At wavelengths of about 6 m, ForsyTH 
and VoGaANn (1957) have shown the existence of electron densities above and below 
the critical value of about 3 » 107 electrons cm? and that both under and 
overdense reflection mechanisms are possible during auroral activity. 

A detailed theory based on underdense ionization has been formulated by 
300KER (1956). He has proposed that the columns of ionization aligned along the 
field lines are about 40 m in Jength and 1 m in diameter with electron densities of 
about one hundred times the normal #-region values. According to this theory the 
aspect sensitivity power factor at a wavelength of 4 m falls from 1-0 at the specular 
condition to approximately zero at 6° from specular, being 0-1 at 4°. This degree 
of aspect sensitivity is too low to explain the results obtained at Jodrell Bank 
since if it were correct, echoes would be detectable from a large fraction of the 
northern sky. The required degree of aspect sensitivity would be obtained if the 
length of the columns of ionization were nearer 200 m. 

It cannot be said with certainty that this underdense scattering mechanism is 
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the only one relevant to the Jodrell Bank results. Since the critical density at 4 m 
is only about double that at 6 m, the conclusions of ForsytH and VoGan indicate 
that overdense regions for the shorter wavelength must be expected to occur during 
auroral activity. It seems likely therefore that both underdense and overdense 
reflection mechanisms exist but it is difficult to conclude which is the dominating 
one for the 4 m observations presented above. 
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Experimental Station of the University of Manchester. The writer wishes to 
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Large-scale auroral motions and polar magnetic disturbances—I 
A polar disturbance at about 1100 hours on 23 September 1957 


Syun-Icur AKASOFU 
Geophysical Institute, University of Alaska, College, Alaska 


(Received 8 March 1960) 


Abstract—The nature of polar magnetic disturbances associated with large-scale auroral motions is 
studied, with particular reference to one of the remarkable magnetic and auroral events of 23 September 
1957. It is concluded that both the westward auroral electrojet and the eastward auroral motion are 
produced simultaneously by a southward electric field of order 2 x 104 e.m.u. ( = 20 V/km), for a 
moderate magnetic variation of order 550 y. 

It is shown that the electrojet, with duration of order 1 hr, moves rapidly northward or southward. 
This would imply that the intensity of the electric field varies rapidly in time and place. It is inferred 
that the precipitation zone of high-energy electron beam varies in the same way. From these points of 
view, the dynamo theory is criticized and the origin of the electric field is discussed. 


INTRODUCTION 

One of the largest magnetic disturbances during the IGY began on 23 September 
1957, at 0235 hours GMT. Various types of aurorae were observed extensively 
during the storm, in the Northern American continent. The magnetogram of 
Huancayo observatory indicated that the main phase (D,, variation) began at 
about 0300 GMT. Recovery there seemed to begin at about 1200 GMT. In 
addition to the D,, disturbance, there appeared several separate considerable 
magnetic disturbances in high latitudes in the Northern American continent with 
much shorter duration (less than 3 hr) accompanied by distinct and remarkable 
large-scale auroral displays. Table 1 shows the beginning times of this series of 
disturbances. 

Table 1. List of polar disturbances, associated 

with aurorae, observed in the Northern 

American Continent on 23 September 1957. 





No. Beginning time (GMT) 


0438 
0750 
1046 
1243 





A detailed study of this interesting series of events has been made, and it is 
shown that all these distinct disturbances were accompanied by large scale north- 
ward motion of the aurorae. In the first part of this paper, the study of the third 
disturbance, which began at 1046 GMT (no. 3 in Table 1), is reported in detail. 
The auroral electrojet, which was accompanied by the remarkable northward 
motion of the aurora, had developed between College (64-:7° geom. lat. N) and 
Sitka (60° geom. lat. N) observatories, and the detailed development was almost 
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completely recorded by both low-sensitive and rapid-run magnetographs (twelve 
records) for about 25 min from the beginning. The observatories whose results 
have been used are listed in Table 2; see also Fig. 1. 

In the second part of this paper, the electric field associated with the auroral 
electrojet is discussed. 
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Fig. 1. Map showing locations and instruments, whose results are used in this series of 
paper—(geomagnetic co-ordinates); @ magnetograph; © all-sky camera. 


AURORAE 


The remarkable auroral display no. 3 began at 1040 GMT (0040 AST) on 23 
September 1957 (Fig. 2). In the late evening on this day at Kotzebue in Alaska, 
all-sky camera films showed some auroral forms and a southward motion of 
several arcs; but 2 min before this particular display began, no trace of aurora 
was seen at Kotzebue. However, a rayed band with sharp links was seen at 
Pullman (53-5° geom. lat. N) to the north (GaRTLEIN, 1959) and at Farewell 
(61-4° geom. lat. N) to the south at that time, assuming that the arc extended 
nearly in east-west direction along geomagnetic latitudes. This indicates that the 
aurora lay somewhere along the geomagnetic latitudes between 60° and 55° just 
before the disturbance started. 

At 1040 GMT apparent northward motion began at Farewell. The aurorae 
crossed Farewell at about 1047 or 1048 GMT, and Kotzebue at about 1051 or 
1052 GMT. However, the Pullman films clearly show that the aurora had also 
moved southward during this display. 

Fig. 3 shows the approximate positions of the northernmost aurora along the 
geomagnetic longitude during this display (use is made of the distortion curve of 
the all-sky camera; ELVEy and STOFFREGEN (1957), their Fig. 29). 
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Table 2. List of observatories and their results used in this paper 





Observatory / P A Hy Results used 


56’ 12,700 | magnetograms 
55’ 15,600 | magnetograms 
all-sky camera 


64-7 
60-0 
63-6 
61-4 


53-5 


College 
Sitka 


Kotzebue 


all-sky camera 
all-sky camera 


Farewell 


AAAAZA 
w bo bo bo ty 


WwW bo Ww 


oe 


Pullman 





It is seen from Fig. 2 that the aurora covered the sky from the geomagnetic 
latitude 58° to 65° at 1100 GMT and the northernmost position was 65° (geom.), so 
that the aurora was broadened there. GARTLEIN (1959), however, reports that 
there was no aurora between 55° and 59° but much between 50° and 55° in the 
geomagnetic longitudes between 280° and 325°. 
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Fig. 3. Approximate positions of the northernmost aurora, 1040-1112 GMT, 
23 September 1957. 


Accompanying these motions, there appeared also a rapid eastward motion of 
the aurorae at Kotzebue and Farewell. This eastward motion cannot be easily 
recognized from the printed pictures taken every minute (Fig. 2). But it becomes 
very evident when the films are shown in a cine projector. The aurorae were 
active for about | hr at Kotzebue and then had receded southward (60° geom. lat.) 
just before the disturbance no. 4 began. Apart from these visible aurora, RoAcH 
and Marovicu (1959), and Roacnw (1959) report that a great enhancement of 
monochromatic OI red (6300 A) aurora appeared along the sub-auroral zone (at 
Fritz Peak: gm. lat. 49°) on this night. The enhancement of the OI red line on the 
same night has been reported by BARBIER (1958) at the Haute-Provence Observa- 
tory (geom. lat. 45-9° N). 


PoLaR MAGNETIC DisTURBANCES 

The typical polar magnetic disturbance accompanying the above auroral 
display began at 1046 or 1047 GMT at Sitka. At that time there began a weak 
eastward current at College, which obscured the beginning of this particular event. 
At 1049 hours, the polar disturbance already in progress at Sitka began at College. 
Owing to the severe disturbance, the ordinary magnetograms were not usable. 
The rapid-run magnetograms (Fig. 4) were used together with the low-sensitive 
ones to construct the complete record of this disturbance (Fig. 5 a,b,c). Horizontal 
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disturbance vectors at College and Sitka were almost parallel and directed to 
geomagnetic south (8S) or 8 by SE for about 25 min. Fig. 6 shows these vectors at 
1055, 1100, 1105, and 1109 hours. They indicate that the primary ionospheric 
electric current flowed to the west (W) or W by SW. The disturbance reached its 
maximum (2000 y) at about 1130 hours, and almost completely subsided by 1240 
GMT, just before the disturbance no. 4 started. 

The earth current record obtained by Hesster and Wescorr (1959a), Geo- 
physical Institute, College, Alaska, showed that the ‘“‘earth current storm” began 
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Fig. 4. Rapid-run magnetograms at College and Sitka (three components), 
1040-1110 GMT, 23 September 1957. 
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at about 1047 GMT (2 min earlier than the beginning time shown by the rapid-run 
magnetogram). It went off-scale at 1050 GMT (750 mV/km; north electrode 
positive) at College. At Point Barrow, Alaska 68-6° geom. lat. N), only small 
earth-current disturbance, of order less than 60 mV/km, was recorded. This 
suggests that the disturbance no. 3 occurred far south of Point Barrow. 


AURORAL JET 


It is assumed that the auroral and magnetic disturbances were located on the 
same geomagnetic latitude. Assuming that the current was at the auroral level 
and treating it as a line current, it is possible to find its position. This was first 
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done by BrrKELAND (1913), but as CHAPMAN (1935) pointed out, BrirKELAND’s, 
estimated heights are too great because no account was taken of the induced 
currents within the earth. 

It is usually assumed that the external field is given by two-thirds of the 
horizontal disturbance vector and twice the vertical disturbance vector. However, 
these factors depend critically on the rate of the change of the field and on the 
electrical conditions within the earth. The above numbers are obtained from 
rather slow variations such as the solar daily variation S, (with a rate of change 
of order 30 y/6 hr ~1-5 x 10-8 y/sec) or D,, variation (80 y/6 hr ~4 x 10-3 y/sec). 
This might be compared with the polar magnetic disturbance of order 600 y/6 min 
~2 y/sec. 

> COLLEGE 
& SITKA 











Fig. 6. Horizontal disturbance vectors due to the external part of origin (two-thirds of 
original values) at 1055, 1100, 1105 and 1109 hours, at College and Sitka. 

Using the above numbers, } for the horizontal vectors and 2 for the vertical 
vector, the estimated height of the auroral current had the improbably-high 
value 1000 km. The estimate may be partly because the auroral current may not 
be equivalent to a line current, but may have some definite width. Even so, 
valculation shows that the disturbance vectors cannot be explained properly 
with these numbers. Therefore, one may speculate that the above vertical force 
factor (2) is too small. This would correspond to a greater proportional reduction 
of the vertical force component, by induced currents, than in the case of the 
much slower variations. It will be shown in this paper that it is possible to locate 
the auroral jet from 100 km to 160 km in height by using the factors 3 for 
horizontal vectors and 3 for vertical vectors. We take the geomagnetic north 
south cross-section (Fig. 1, line A—B), and project College and Sitka on this 
geomagnetic meridian plane (see Fig. 7). 

In Fig. 7, 

<JCS = ¢, = 90° — tan— V,/P, 


<JSC = ¢, = 90° — tan“! V,/P 


& 
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where V and P denote the vertical and horizontal disturbance vectors and sub- 
scripts c and s refer to College and Sitka, respectively. The observed disturbance 
vectors are AH, AD’ ( = AD in gammas, that is, H),A D’/3438) and V. 


AH = change of magnetic north component (northward positive); 
AD = change in declination (eastward positive); 
V = change of vertical component (downward positive); 


H, = mean horizontal intensity. 





be. 


COLLEGE 


Fig. 7. Geometry showing parameters determining a position of auroral electrojet. 


The geomagnetic north and east components X,, and Y,, can be obtained (CHApP- 


m m 


MAN and Barres, 1940, p. 8; FukusnHima, 1953, p. 307) from 
AX,, AH cos (D — yp) — AD sin (D — y) 
AY,, = AH sin (D — y) + AD cos (D — y) 


where D denotes the declination and y the angle made by the great circle joining 
the observatory and the geomagnetic pole with the geographic meridian line; it is 
given (CHAPMAN and BarTELs, 1940, p. 645) by 


sin w = —sin 6, sin A/sin 0 () 


where 6, = 11-5° and A and @ denote the geomagnetic longitude and geographic 
co-latitude, respectively. 
The magnitude of the horizontal vector P (Fig. 6) is given by 


P = (AX,,? + AY,,2)¥2, (6) 


m 


The position of the auroral electrojet is obtained at each minute for three successive 
intervals (Fig. 8). The velocity of the first northward motion from 1047 to 1055 
hours was about 1 km/sec and was the same as that of the aurorae. At about 
1051 hours, the all-sky camera films both at Kotzebue and Farewell showed some 
complex structures. It is difficult to trace them after the complete break-up of 
the aurorae, but the magnetic records suggest that the auroral electrojet moved 
first southward and then northward. 
Fig. 9 shows the growth of the electrojet current J given by 


: (P?2 eit V2yie J r/2 (7) 


where 7 denotes the distance from the jet to an observatory. The positions of the 
jet determined above give r at each minute and J can be calculated from the 
disturbance vectors obtained at College and Sitka. The fit of two curves is rather 
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Fig. 8. Positions of the auroral electrojet Fig. 9. Variation of total current 
between College and Sitka at each minute intensity of the auroral electrojet ob- 


for three successive stages (1047-1055, 
1055-1101, 1101-1110 GMT, 23 September, 


1957. 


tained from equation (7) from College 
and Sitka data. Note that the fit is 
rather poor. 


poor, especially from 1100 hours. The tentative maximum current obtained from 


College data is 2:7 « 10® A at 1101 hours. 

The treatment of the aurora] jet as being a line current is, of course, an ideal- 
ization. Neither a line current nor a sheet of uniform current can explain self- 
consistently the whole course of this disturbance. Dr. CHAPMAN suggested to the 
writer that there may be several “‘strip” currents within a rather uniform current 
sheet—pointing out the non-uniform auroral luminosity in the all-sky camera 
films. In fact, the bright northern front of the aurora moved northward earlier 
than the jet did; at 1052 GMT, the bright front was almost right overhead at 
Kotzebue, but the jet was still 400 km south of College. From 1055 to 1101 hours, 
there appeared the southward motion of the jet, but the all-sky camera films at 
Kotzebue indicate that the bright northern front remained north of Kotzebue at 
that time, which was completely separated from the active aurorae located south 
of Kotzebue (cf. 1100 hours picture). 

The magnetograms cannot uniquely determine any such distribution of the 
complex current-system between Sitka and College, but they indicate that the 
auroral electrojet grew very quickly between 1047 and 1100 GMT. During this 
interval and during the recovery to normal, the current moved first northward, 
then broadened and moved southward and then again northward. The whole 
movement lay between College and Sitka. * 


* The magnetogram from Victoria Observatory (geom. lat. 54:1°, N; about 1240 km south-east of 
Sitka) shows the decrease of both horizontal and vertical components, indicating that this particular 
event occurred north of this observatory. The writer wishes to express his thanks to Messrs. R. G. 
Mapitt and E. I. Loomer, Dominion Observatory, Ottawa, Canada, for sending him the magnetogram. 
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It may be noticed that two large impulses observed at 1058 and 1110 hours at 
College (Fig. 5a) were partially due to the approach of the auroral jet towards that 
observatory; they do not directly indicate the real growth of the current. Near 
the auroral zone the disturbance vector obtained at an observatory does not 
reliably indicate the intensity of overhead current, (as is often assumed when 


drawing current diagrams). 


INTENSITY OF THE ELECTRIC CURRENT AND THE ELECTRIC FIELD 
The detailed distribution of electric current in the auroral region cannot be 
deduced from the maguetograms because of its complexity. But a reasonable 
illustrative model can be given, that indicates some probable features of this 
disturbance. In order to obtain the current density, we treat the auroral electrojet 
as a uniform sheet with current density J and width 2w. From the analysis in the 
above section, it is suggested that w is less than the distance between College and. 
Sitka of about 500 km (along the geomagnetic meridian line). Corresponding to 
the conditions at 1056 hours, we may take h, the height of the layer, to be 120 km, 
uw = 120 km, and / the horizontal distance from the centre of the layer 240 km. 
These give a horizontal intensity of the magnetic field P due to this current sheet 
(CHAPMAN, 1951). 
2w/h 


1 + (Uh)? — (w/h)? (8) 


P = 23 tan 
Thus, for the disturbance P = 515 y, two-thirds of the actual value of 770 y at 1056 
GMT, J would be approximately 5-6 x 10-3 e.m.u./em = 5-6 x 10-2 A/em. This 
might be compared with the equatorial noon current density of the solar daily 
variation S, of about 1-9 10-4 A/em (CHAPMAN and BartEts, 1940, p. 233) and 
the equatorial electrojet of 7°86 « 10-4 A/em ( = 8650 A/lat., ONWUMECHILLI, 
1959, hts Table 3). The total current density is 5-6 « 10-? A/em x 2-4 « 107 em 
1-3 108 A, 
Electric current equations in the ionosphere are (BAKER and Martyn, 1953, 


p. 285) 


(9) 
J, = — Le, a. (10) 


K,, and K,, denote the height integrals of the direct and transverse conductivities, 
respectively; the 2 and y axes coincide with geomagnetic south and east, respec- 
tively. The conductivities in the ionosphere are not properly known, but it has 
been concluded (MaEpaA, 1953) that K,,, is larger than K,, and K,,, in the polar 
region. As a basis for later numerical discussion, FEJER’s values (1953) for the 
geomagnetic iatitude 60° are adopted. 

K,, =4 x 0” emu. 


- 1-4 x 10-8 e.m.u. 


In the disturbances here considered, the currents were westward (—y-direction), 
that is, | J, 1d 


ai 
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Taking the facts into account, the westward electric current might be caused 
by a southward (-+-x-direction) electric field. If so, equations (9) and (10) become 


J, ~K,,E, (11) 
J, oe ie (12) 


_ 
Our analysis suggests, however, that the ratio of K,, to K,, is larger than that 
given by FrJER, or that the current was concentrated in a lower region (see 
next section). 

It is not known how much the electron density is increased in the ionosphere at 
the time of an auroral display, and an average twenty-fold increase is assumed 
(K,, = 2:8 x 10-7 e.m.u.). Then, (12) gives 


[J ,| 5-6 x 10-3 (e.m.u.) 
ad => = = = 2 x 10* (e.m.u.) 
K,, 2-8 x 10-7 (e.m.u.) (13) 
10-4 V/em = 20 V/km). 


EB 


This might be compared with the electric field responsible for the S, variation, 
o 7 

produced by a dynamo e.m.f. of about 1-7 x 10-3 e.m.u. (= 1:7 « 10-5 V/em), 

induced by a wind velocity of order 30 m/sec. 


EastwarD Drirt Motion oF AURORAE AND ELECTRIC FIELD 

One of the outstanding features of this display of 23 September 1957 was the 
sudden brightening and the simultaneous appearance of the rapid eastward 
motion of the auroras. A sudden considerable negative deviation of the H- 
component from its normal value (which is the most prominent feature of most 
polar magnetic disturbances in the magnetograms) is generally accompanied by a 
mainly eastward auroral motion. This has already been studied by Kim and 
CURRIE (1958), using all-sky camera data, and by Katser (1955), BuLLOUGH and 
KAISER (1954, 1955), BuLLovuGH ef al. (1957), Daae (1957) and NicHons (1959) by 
radio methods. 

Another quite independent estimate of the electric field will be made from the 
velocity of auroral drift motions. Assuming that the magnetic field is vertical 
(which is strictly true only at the poles), MARTYN (1953) gave the following hori- 
zontal drift velocities of charged particles (v, for electrons, v; for ions) due to an 
applied electric field: 

| = (B/F) sin «, (14) 

|v, = (E/F) sin «,. (15) 

ten a, , = @, J%, , (16) 

@, , = Fjm,, (17) 


ei 
where y, and », are collision frequency of electrons and ions with neutral atoms, 
respectively; /F denotes the total intensity of the magnetic field. Table 3 gives 
typical values of »,, v;, and «,, «;. Fig. 10 gives corresponding values of v, and », 
due to the southward electric field of 2 « 104 e.m.u. (= 20 V/km). It is rather 
surprising that the eastward drift velocity of electrons is almost constant over the 


height range represented in Fig. 10. 
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Table 3. Typical values of »;, »,, «,, and «; at 110 km, 
130 km and 200 km in height 





Height 110 km 130 km 200 km 


vy, (/sec) S 104 5 x 108 108 
2 103 3 x 10? 10 

89°50’ 89°58’ 90 
9 48 8S 


v; (/sec) 





9-6 x 10®/see, O; 3:3 > 10?/sec 


The electric current vectors are also shown in Fig. 10 and it is clear that the 
westward auroral electrojet discussed in the above section is mainly due to the 
eastward motion of electrons of order ~E/F = 360 m/sec in the lower part of the 
ionosphere. This drift velocity of electrons is almost insensitive to the physical 
state in the ionospheric region because of the high gyrofrequency , compared 


——» ELECTRON 


—--------- > 10N 
—-—— - —— - —» ELECTRIC CURRENT 





h, =110 km h, 2130 km 








| 
| 
| 
| 
| 
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Fig. 10. Electrons and ions drift velocity vectors at 110, 130 and 200 km in height due to the 
southward electric field of 2 « 104 e.m.u. ( 20 V/km) in the polar region. 


with the collision frequency v,. Therefore, this estimation has a great advantage 
compared with the discussion in the above section, which strongly depends on the 
conductivity of the ionosphere and so on the electron density. 

BuiiovaH ef al. (1957), by a radio method, successfully observed the eastward 
drift motion of the aurorae. They found speeds up to 500 m/sec during negative 
bays (polar disturbances). The radio observation measures the movement of 
electrons, and agrees fairly well with our estimation (one of their typical figures is 


reproduced here, as Fig. 11). 


Dy AND PoLtaR MAGNETIC DISTURBANCE 
As far as the auroral zone is concerned, a polar magnetic disturbance usually 
lasts 2 or 3 hr, and it consists of several large negative and impulsive disturbances, 
each with a much shorter life, of about 1 hr. 
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A large magnetic disturbance involves several polar disturbances. In a typical 
case the H-trace in the magnetograms recovers almost completely to the normal 
level between these polar disturbances. In our case, there appeared four polar 
disturbances in the Northern American Continent (Table 1), during the magnetic 
storm of 23 September 1957. 

[It has been pointed out by Heppner (1954) that the aurorae recover from the 
active form to the quiet one, that is, the quiet arc is often re-formed, between 
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Fig. 11. Change of the magnetic field and the corresponding east-west drift motion of the 

aurora on 25-26 September, 1951. The upper curve indicates H-component of magneto- 

gram at Eskdalemuir (geom. long. 82-8°, lat. 58-4°N). Below appears the range-spread and 

the type of echo received during successive 4 min intervals. The former is plotted upwards 

for westward and downwards for eastward-moving ionization (BULLOUGH ef al., 1957, 
their Fig. 15). 


these disturbances. Fig. 12 shows the sensitive and rapid-run magnetograms of 
typical polar disturbances, which consists only of one large impulse. It shows how 
abruptly the disturbances began and also how rapidly they subsided. 

The auroral electrojet responsible for such large impulsive disturbances in the 
polar regions will set up a polarization field at its eastern and western ends and 
thus will cause the electric current circuit, to be completed in lower latitudes. 
Current diagrams of worldwide extent for this kind of disturbance have been 
drawn by VestINE (1940), FuKusHiMA (1953) and other workers for particular 
disturbances. It has been shown that those current systems are similar to the 
idealized D, current system obtained by CHAPMAN (1935). 

However, the conception attained in this paper is that during a large magnetic 
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storm the Dg, current appears quite abruptly and also subsides rapidly, within 
about 3 hr, and again quite a new Dx, appears, usually in a few hours. Thus, it is 
suggested that several polar disturbances occur quite independently in a course of 
a storm, rather than that the same Dg persists with some change in its intensity 
during a storm. But there seems to be a definite tendency for the Dg, disturbances 
to be largest in the earliest part of a magnetic storm (CHAPMAN, 1952; SUGIURA 
and CHAPMAN, 1958). This important conclusion seems to be confirmed by the 
present writer's analysis of two large magnetic storms during the IGY (AKASoFU, 
1960). It is shown that the Dg, disturbance and the main storm phase (D,, varia- 
tion) seem to begin at about the same time. Because of the short life of the indi- 
vidual D, disturbances, special structures in the solar stream seem to be indicated. 

In this paper, however, we are concerned with the electric current only in a 
limited area in the auroral zone, not in its worldwide extent. Thus at the present 
it will be distinguished from the Dg, and will be called the polar disturbance or 
negative bay. 

DISCUSSION 


(a) Inadequacy of the dynamo theory of the Dg 

It has been already suggested in Section 5 that the electric field of order 
2 x 104e.m.u. (= 20 ~ 40 V/km) could not be produced by dynamo action in the 
upper atmosphere. The dynamo theory of the Dg has been developed by FuxKu- 
SHIMA (1953), VESTINE (1954), and OBAyasuHi and Jacoss (1957). They assumed a 
constant and fixed wind pattern over the earth (the same as is responsible for the 
S, variation), and assumed high conductive belts in the ionosphere along the 


auroral zones. Therefore, their Dy current system is fixed relative to the sun, 
under which the earth rotates once a day. 

The auroral electrojet, its variability, its great concentration and its intense 
current, and its rapid rise and fall, are facts difficult to reconcile with a rather 
constant pattern of current system fixed over the earth. It also seems scarcely 
possible that the winds responsible for the dynamo e.m.f.’s could appear so 
abruptly and so simultaneously over such a large range of at least 2500 km (from 
Kotzebue to Meanook) and probably of 5000 km, such as indicated by the all-sky 
camera films. The typical disturbance, discussed above, seems to suggest that the 
auroral electrojet is caused by an electric field that varies rapidly in time and 
place. It is shown in the above sections that the southward electric field produces 
both the jet and eastward auroral motion. 

The above statements are not new. HEPPNER (1954), pointing out the change 
of forms of the aurorae at the beginning of the polar disturbance, questioned the 
dynamo theory of this phenomenon. He also stated that the fairly abrupt decrease 
in the H-component coincides with a rapid southward movement of the southern- 
most auroral arc, and with the appearance of rayed structure north of the arc. 
In the storm of 23 September 1957, exactly the same thing happened, much more 
extensively, in its north-south and also east-west dimensions. It has also been 
pointed out by Marpa (1957, 1959) that the Dg currents can be explained only by 
assuming an exceptionally-enhanced conductivity throughout the polar region, 
and a strong wind system quite different from that indicated by S,. 
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Fig. 12. Typical polar disturbance (negative bay) 
consisting of only one large impulse (College). 
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Large-scale auroral motions and polar magnetic disturbances—I 


‘b) High-energy electrons and radio-wave absorption 

The rather constant flux of electrons of energy as high as 100 keV was first 
detected by Van ALLEN and his co-workers (MerepiTH et al., 1955; VAN ALLEN, 
1957). Their data were obtained by rockets in the upper atmosphere in the 
auroral zone. What they observed was the X-ray photons generated by a small 
minority of such electrons. This is also recently confirmed by VERNov et al. (1959) 
by satellite observations. This is now supposed to be an outflow of electrons 
issuing from the tongue of the radiation belt recently discovered by VAN ALLEN 
and FRANK (1959) and VAN ALLEN ef al. (1959). 

These high-energy electrons have been also studied by radio absorption. 
CHapMAN and LirtLe (1957) first suggested that the cosmic noise absorption is 
due to the high-energy electrons and their X-ray photons discussed above. It 
seems that a homogeneous are and other quiet and stable types of aurorae may be 
due to such constant inflow of protons and electrons. 

LittLe and LEINBACH (1958) and Retp and Conuins (1959) later suggested 
that the strongest auroral-associated absorption corresponding to the break-up 
of the are might be due to an increase in the number and/or energy of the X-ray 
photons produced by Bremsstrahlung from the above high-energy electrons. 

Fig. 13 shows the record of ionospheric absorption of 30 Mc/s cosmic noise for 
the period 20-25 September 1957 (AST) (LermnBacu, 1959). It indicates the 
abrupt beginning of absorption at 1052 GMT (0052 AST) corresponding to the 
arrival time of the aurorae right overhead at Kotzebue. A striking resemblance is 
also found between the absorption trace and the H-component of the magneto- 
gram. These seem to indicate a close relationship between the great enhancement 
of flux of high-energy electrons and the formation of the auroral electrojet. Almost 
all the sharp beginnings of the cosmic noise absorption at night in Fig. 12 were 
accompanied by auroral jets. At College, Alaska, there is a definite tendency for 
the westward electrojet to appear only in the night-time. 

WINCKLER et al, (1958) at Minneapolis observed an intense X-ray burst when 
the strong band structure moved across the station Choteau, which is exactly the 
same geomagnetic latitude as Minneapolis, 1050 GMT; this was at the fairly low 
geomagnetic latitude 55°. Therefore it is clear that the high-energy electrons 


appeared in quite large area along a narrow band (from geom. lat. 55° to 65° and 
from geom. long. 260° to 330°) at about the same time. 

The high energy electrons of order 100 keV (flux 10°/em? sec) can penetrate the 
atmosphere down to the upper part of the D-layer (80 km ~ 90 km) (WINCKLER 
et al., 1959). MAnviLuE (1959a) suggested that a short-lived purplish-red luminosity 
which appears at the lowest border level of the normal-type aurora (type-B aurora, 
ELvEY, 1957) is caused by the high energy electrons of order 100 keV. 


(c) Extra-terrestrial protons 

As yet we do not understand how the auroral protons vary at the time of 
break-up. No information is available about the protons in the auroral zone on 
23 September 1957. However, many workers have reported that the auroral 
hydrogen emission diminishes abruptly at the time of break-up (DAHLSTROM and 
Hunter, 1951; Fan and ScHutte,1954; Romick and Envey, 1958; GALPERIN, 
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1959; Fan, 1958; Montanperrr, 1959; MaLviLue, 1959b). It may be that the 
main proton precipitation zone is shifted elsewhere or that the precipitation 


ceases. 

It may be that there is an almost constant and equal flux of electrons and 
protons in homogeneous and quiet auroral arcs; and that there appears suddenly a 
change of electrical state in the auroral level, which may be expected to cause the 
auroral electrojet. The appearance of high-energy electrons and the disappearance 
of protons seem to suggest this change of electrical state. But the formation of the 
auroral electrojet is still mysterious. It is interesting to note that at College, 
Alaska, after the final break-up, the pulsating surfaces last until dawn obscures the 
display. This last period is characterized by rapid magnetic fluctuation, strongly 
variable earth current (HESSLER and Wescott, 1959), ionospheric absorption and 
fluctuating luminosity from the entire sky (MurcrAy, 1959b). The electrical state 
in the upper atmosphere is clearly complicated at this stage. 
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Abstract—Observations are described of the scintillation of the radio signal received from the radio star 
in Cassiopeia on a frequency of 38 Me/s. Further experimental results are presented to support SPENCER’s 
(1955) evidence that the irregularities responsible for the radio stellar scintillation are elongated with 
their long axes along the lines of force of the earth’s magnetic field. An estimate of the size of the irregu- 
larities in the ionosphere is made, and a marked decrease in the long axis of the irregularities is found as 
the elevation of the radio source decreases. Evidence is put forward which suggests that turbulence is 
unimportant on most occasions in the region responsible for the scintillation. 


1. INTRODUCTION 

Many workers have observed and discussed the fluctuations of waves received 
from radio stars (e.g. SmitH, 1950; LirrLe and LovELL, 1950; HrwisnH, 1952). 
The fluctuations are caused by irregularities of ionization present in the ionosphere 
at heights estimated at about 200-400 km. (HkrwisH, 1952; Booknrr, 1956; 

3RIGGS, 1958). This paper describes observations of these fluctuations made in 
Cambridge. The observations were made at night when the fluctuations are most 
pronounced. 

The irregularities of ionization impose phase variations on the wave as it 
passes through them, the different components interfering at the ground to form 
an irregular pattern of phase and amplitude. The observations described in this 
paper were of the power (i.e. the square of the amplitude) of the wave received 
from the radio star in Cassiopeia (23-01) on a frequency of 38 Mc/s. Simultaneous 
observations were made at three stations separated by about 1 km at the three 
corners of a right-angled triangle. The radiation was received on a phase-switched 
interferometer of the type used in radio astronomy (RYLE, 1952). The spacing of 
the interferometer aerials was four wavelengths to give fringes with a period of 
about | hr. Records about 20 min long were analysed during which the mean 
amplitude remained very nearly constant. 

SPENCER (1955) showed that the pattern on the ground was anisometric, i.e. 
had different sizes of structure in different directions. He represented the -aniso- 
metry by an ellipse and studied how the orientation of the major axis of this 
ellipse varied for different positions of the source. He showed that these variations 
were consistent with the assumption that the irregularities in the ionosphere were 
always elongated along the lines of force of the earth’s magnetic field, and the 
changes at the ground were explained simply by the changing position of the 
source. SPENCER was, however, only able to make observations for a limited 
number of source positions. In the present work the observations have been 
extended to cover all possible positions of the source. The results, which are 
described in Section 2, are entirely consistent with SPENCER’s theory. 


* Present address: Royal Aircraft Establishment, Farnborough, Hants. 
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SPENCER also made measurements of the axial ratio of the characteristic 
ellipse, which describes the degree of elongation of the irregularities on the ground. 
He found it to be of the order of 20:1 or greater. His results were confined to 
occasions when the star was at large angles of elevation. These observations have 
been extended in the present work and it is shown, in Section 3.1, that the axial 
ratio varies markedly with the angle of elevation of the star. At high angles of 
elevation the results are consistent with SPENCER’s but at small elevation angles, 
the axial ratio is found to be smaller, of the order of 5:1. The relationship between 
the axial ratio of the pattern on the ground and the irregularities in the ionosphere 
is discussed in Section 3.2, and the possible significance of the results is discussed 
in Section 5. 

Another aspect of the work concerns the drift velocity of the amplitude pattern. 
If the pattern is anisometric the velocity deduced from the mean time displace- 
ments of the three records will be incorrect. PHtLLirs and SPENCER (1955) showed 
how a full correlation analysis could be used to find the true drift velocity. A 
parameter which measures the random changes of the pattern could also be 
derived. The drift of the pattern is produced by a drift of the ionospheric irregu- 
larities and the random changes could be due to irregular motions of the irregu- 
larities, or ‘“‘turbulence’’. The results of the correlation analysis are described in 
Section 3.2 and it is shown that although the apparent velocity deduced from 
the time displacements is always approximately in an E—W direction, the true 
velocity has in fact an important component in the N-S direction. This explains 
why previous workers, who have determined only the apparent velocity, have 
concluded that the motion is mainly E-W. It is shown that the fading (scintilla- 
tion) of the received wave is caused mainly by a drift of the ionospheric irregularities 
and that the effect of their irregular movement is of secondary importance. 

Simultaneous measurements were made of the movements of the irregularities 
that cause the fading of a reflected wave and those that produce the scintillation of 
a radio star. It was found (Section 4) that when the regions explored by the two 
methods were separated, in a N-S direction, by a distance less than 250 km the 
directions of drift observed by the two methods were the same; but that when the 
distance was between 400 and 800 km the directions were different. 

2. THE ORIENTATION OF THE IRREGULARITIES IN THE AMPLITUDE PATTERN 


SPENCER (1955) showed that when irregularities in the amplitude pattern 
were elongated, the direction of drift determined from time displacements between 
two pairs of fading records was approximately perpendicular to the direction of 
elongation and could therefore be used to determine the orientation of irregular- 
ities in the amplitude pattern. He calculated the relationship between the direction 
of elongation of the irregularities in the amplitude pattern and the position of 
the radio star on the assumption that the fading was caused by infinitely elongated 
irregularities of ionization aligned along the earth's magnetic lines of force at 
a height of 400 km. He made observations of the radio source in Cassiopeia (23-01) 
for 7 hr after upper culmination and found good agreement between the theore- 
tical and experimental direction of elongation. In the present work these observa- 
tions have been extended to cover all positions of the radio star, and the results 
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obtained are shown, together with SPENCER’s results, in Fig. 1. The results 
were all obtained at night. The deviation of the points from the theoretical line is 
comparable with the experimental error. 

The orientation of the characteristic ellipse of the amplitude pattern was 
also determined on some occasions by the full correlation analysis described by 
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Fig. 1. The direction of apparent drift, O, and direction of the ellipse minor axis, @, plot- 
ted against time after upper culmination of source 23-01. 


PuHiLtuies and SpENcER. The directions of the minor axes on these occasions are 
included in Fig. 1 and they also show agreement with the theoretical curve. 

These observations confirm the hypothesis that the irregularities of ionization 
that produce night-time scintillation of the waves received from a radio star are 
elongated along the earth’s magnetic lines of force. 


3. THE FuLL CoRRELATION ANALYSIS APPLIED TO 
THE SCINTILLATION RECORDS 

The correlation analysis of fading records developed by Briaas et al. (1950) and 
extended by Puiiiips and SPENCER (1955) can be applied to amplitude scintillation 
records taken at three points. The auto- and cross-correlation functions are 
calculated and from them can be deduced the size and orientation of the character- 
istic ellipse, the true velocity of drift and the effects of random changes on the 
observed fading. 

Forty selected records were analysed in this way and the correlation functions 


28 





Further observations of radio stellar scintillation 


were calculated on the digital computer EDSAC 1 of the University of Cambridge 
Mathematical Laboratory. The criterion applied in selecting the records for 
analysis was that there should be fifteen or more maxima with large amplitude 
fluctuations. The observations were made during thirty nights between November 
1954 and November 1957. 

The power received at the aerials was recorded and the correlation functions 
of (amplitude)? were deduced. Examples of the auto- and cross-correlograms are 
shown in Fig. 2. The auto-correlograms were on most occasions a good approxi- 


mation to Gaussian functions for correlation greater than 0-2, but there was a 
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Fig. 2. The mean auto-correlogram, x, and the three cross-correlograms, @, obtained at 
2300 G.M.T. on 22 October 1956. 


marked tendency for the correlation functions to overshoot the axis and assume 
negative values, and sometimes oscillations occurred. To test whether the records 
were statistically stationary and long enough to give reliable results, several of 
them were divided in half and re-analysed. The two halves gave very nearly the 


same result as the whole record. 


3.1. The characteristic ellipse 

The characteristic ellipse is a contour of constant correlation, whose orientation 
and axial ratio determine the anisometric properties of the amplitude pattern. 
The constants of the characteristic ellipse can be determined by the correlation 
analysis. The directions of orientation of the characteristic ellipses have already 
been discussed and have been included in Fig. |. We shall consider next the 
values of the axial ratio. 

The axial ratio (r > 1) of the characteristic ellipse is plotted as a function of 
elevation of source 23-01 in Fig. 3(a). These results show a large scatter of values, 
rarying from 2 to greater than 20. For observations at high elevation of the 
radio star (>55°), the mean value of the axial ratio was 10, while the corresponding 
value for observations at low elevation was 5. The probability of obtaining these 
two mean values by chance from the same population is 0-02 and it is concluded 
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that the axial ratio at high elevation is significantly greater than that at low 


elevation. 

Observations made by SPENCER (1955) have been included in Fig. 3(a) and they 
are consistent with the present observations. They were made when the radio star 
was at high elevation angles, and showed that the axial ratio of the characteristic 
ellipse was greater than 20 on most occasions. 
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Fig. 3.(a) The axial ratio r plotted as a function of elevation of the radio star. 
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Fig. 3.(b) The axial ratio r;; on a line parallel to the lines of force 
of the earth’s magnetic field. 


Witp and Rosperts (1956) working at Sydney (lat. 33° 8), observed scintilla- 
tions of radio waves received from the radio source in Cygnus. The observations 
were made at transit when the elevation of the source was 15°. They found that 
the irregularities in the amplitude pattern at night were elongated in a N-S 
direction with r equal to 3 or 4. This value is in good agreement with the present 
observations made at lower culmination when the elevation of the radio star 


was 20°. 
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3.2. The size of the irregularities 

The pattern sizes defined as the separation for which the correlation was 0-5 
were determined along the minor and major axes of the characteristic ellipse. 
In these determinations it was assumed that the shape of the temporal and spatial 
auto-correlograms was the same. The results are presented in Fig. 4(a), where the 
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Fig. 4.(a) The horizontal extent of the ground pattern to a correlation of 0-5. (i) High 
elevation; minor axis; median = 0-57 km. (ii) High elevation; major axis; median 
5-0 km. (iii) Low elevation; minor axis; median = 0:93 km. (iv) Low elevation; 
major axis; median 4-8 km. 
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Fig. 4.(b) The length of the major axis to a correlation of 0-5 along a line parallel to the 
lines of force. (i) High elevation; major axis; median 7-5 km. (ii) Low elevation; 
major axis; median = 2-0 km. 


observations have been divided into those made at high and low elevation. The 
median value of the minor axis at high elevation is 0-57 km and 0-93 km at low 
elevation. (Assuming a normal distribution, the probability of obtaining these 
two values by chance from the same population is 0-01). The median value of the 
major axis is about 5 km near both high and low elevation. 


3.3. The size of the irregularities in the ionosphere 


Irregularities of ionization responsible for radio stellar scintillation on 38 Me/s 
introduce variations of phase alone, the absorption being negligible. HrwisH 
(1951) showed that amplitude fluctuations would develop as the wave travelled 
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away from the diffracting region, and that when the phase deviation imposed on 
the wave front was less than | rad, the “‘size”’ of the amplitude pattern on a parallel 
screen was the same as the size of the variations in the phase screen. When the 
phase deviation was greater than | rad, the amplitude fluctuations contained fine 
structure, and the size of the amplitude fluctuations was less than the size of the 
variations in the phase screen. HrwisH also showed from direct measurements of 
the phase fluctuations at 38 Mc/s that the phase deviation was usually less than 
1 rad at this frequency and he therefore assumed that the amplitude pattern had 
the same scale as the ionospheric irregularities. This assumption will also be 
made in the present paper, as without it we can make no further deductions about 
the size of the irregularities in the ionosphere. It is possible that on some occasions 
the phase deviation may have exceeded 1 rad. The values quoted will therefore be 
lower limits to the possible sizes in the ionosphere. 

If we assume infinitely thin irregularities of ionization of length / along the 
lines of force, they will be related to the length Z along the ground for different 
positions of the radio star by the expression 


[2 
x 


[cos?d + sin? d cot? e + sin 2d cot ¢ cos(A + f)]7} 


where A and ¢ are the azimuth and elevation of the radio source, d and f are the 
dip angle and declination of the lines of force at the point of intersection of the line 
from the source with the ionosphere at a determined height. 

For source 23-01 and irregularities at 400 km, //Z is 2-1 at upper culmination 
decreasing to 0-34 at lower culmination. These values of //Z are only correct for 
infinitely thin irregularities. At high elevation angles, the lines of force of the 
earth’s magnetic field make an angle of about 30° with the line of sight, so that the 
effect on //L of departures from infinite elongation will be most marked for the 
high elevation observations. In practice the irregularities observed at high 
elevation angles all have r > 4, so that the value of 2-1 obtained for //L is only a 
slight over-estimate. At low elevation, the lines of force are approximately normal 
to the line of sight, so that the actual value of //Z for finite values of r will be very 
nearly the same as for infinite 7. The length of the major axis was modified by the 
use of the equation and the values plotted in Fig. 3(b). These values show a very 
marked decrease in the axial ratio from high to low elevation of the radio star of 
from 12 to 2-5. The lengths of the major axes to a correlation of 0-5 are shown in 
Fig. 4(b). The median value of the major axis is 7-5 km at high elevation, and 
2-0 km at low elevation. These measurements show a very marked difference in 
the elongation of the irregularities when the radio star is at high and low elevation. 
The only reasonable interpretation of this result is that the properties of the 
ionospheric irregularities vary with latitude. 


3.4. The velocity of drift 

The true velocity of drift can be determined by the correlation analysis. 
The direction of drift could be measured to within about +10° when the axial 
ratio of the characteristic ellipse was less than about 8. The magnitude of the 
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velocity was in error by about -+-30 per cent. The results, corrected for the angular 
rotation of the earth, are shown on a polar plot in Fig. 5. They have been 
divided into measurements made at high and low elevation. These measurements 
show a N-S component of drift which is of the same magnitude as the E-W 
component. 








Fig. 5. A polar plot of the magnitudes and directions of drift deduced by the correlation 
analysis. High elevation > 55°. @ Low elevation < 55°. 


It has been suggested by MAXWELL and Daae (1954) that the N-S component of 
drift could be due entirely to a vertical movement in the ionosphere. At upper 
and lower culmination a vertical movement would appear as a N-S horizontal 
movement, while at times between upper and lower culmination the horizontal 
component would be along the direction of the azimuth of the radio source, and 
would produce components in both the N—S and E—W directions. 

Simple geometrical considerations show that the horizontal N—-S component of 
velocity due to a vertical velocity is less than the vertical velocity for angles of 
elevation greater than 36° increasing to 2-7 times the vertical velocity at lower 
culmination. The median value of the N—S component of velocity for observations 
made at high elevation is about 90 m/sec and unless the vertical velocity is of this 
order of magnitude the measured N—-S component is a real horizontal N—S drift in 
the ionosphere. The magnitude of the vertical velocity is uncertain, but theoretical 
calculations by BAKER and MartyN (1953), FEseR (1953) and Karo (1956) suggest 
vertical velocities of the order of 10 m/sec. These vertical movements would 
produce negligible N—S horizontal components at high elevation, but they could 
be appreciable at low elevation. 

The fading produced by random changes of the irregularities can be determined 
by the correlation analysis of Briaas et al. and is conveniently denoted by a velocity 
parameter which they called V... The value of V. was found to be zero during 
half the observing time, showing that at these times the fading observed was 
entirely due to a steady drift of the diffraction pattern over the ground. 

It is very difficult to reconcile the determined values of V., which were always 
zero or small, with theories put forward by Maxweti (1954), Daae (1957) and 
Booker (1956) explaining the production of irregularities which cause scintillation 
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by turbulence. Such turbulence would be expected to produce random changes 
in the pattern, and a value of V, comparable with the mean drift velocity. 


4, SIMULTANEOUS OBSERVATIONS OF THE MOVEMENT OF IRREGULARITIES WHICH 
Cause Rapio STELLAR SCINTILLATION, AND THE IRREGULARITIES WHICH 
PRODUCE THE FapiInG OF A WAVE REFLECTED FROM THE /’-REGION 

[t is important to know whether the irregularities which produce the scintilla- 
tion of radio stars are the same as those which produce the fading of a wave reflected 
to the ground from the F-region. Simultaneous observations were made of the 
direction of drift of the irregularities which cause radio stellar scintillation and 
those which produce the fading of a wave reflected from the F-region. By studying 
the movement of the irregularities responsible for these two effects, it is possible to 
throw some light on the problem. The drift directions were determined from the 
time delays between two pairs of fading records. The apparent direction of drift 
determined in this way depends upon the orientation of the irregularities which 
may be different in the two cases, and on the elongation of the irregularities which 
is much smaller for the irregularities observed on reflection (PHILLIPS and SPENCER, 
1955). Because of these differences we cannot expect a one-to-one correspondence, 
but the apparent directions of drift measured by the two methods should be in the 
same general direction if the true drift of the irregularities is the same. 

The direction of drift of the irregularities that produce radio stellar scintillation, 
dy, has been plotted as a function of the direction of drift of the irregularities 
observed on reflection, dp, in Fig. 6. The results have been divided into those 
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Fig. 6. Comparison of the drift direction observed by the reflection method (dz) with the 
drift direction observed by the radio stellar scintillation method (ds). (a) Upper culmina- 
tion. (b) Lower culmination. 


made within +6 hr of upper culmination and those made near lower culmination. 
The upper culmination results were obtained during twelve nights in October, 
November and December 1955 and September 1956. The lower culmination 
results were obtained during fourteen nights in December 1954, January, February, 
March and May 1955. 

The drift directions observed by the two methods show reasonable agreement 
for observations made near upper culmination. On one occasion a sudden reversal 
of the drift from west to east was observed simultaneously by the two methods. 
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Further observations of radio stellar scintillation 


The lower culmination results show a marked disagreement, in that on more than 
half the occasions the directions of drift observed by the two methods were in 
opposite directions. The observations made near upper culmination refer to a 
region of the ionosphere between about 50 and 250 km away from the vertical 
incidence observations (assuming the irregularities are at a height of 400 km). 
Observations made near lower culmination were between 400 and 850 km north of 
the vertical incidence observations. 

The observations made near lower culmination show that the horizontal drift 
in the ionosphere at two points separated horizontally N-S by distance of about 
400-850 km can be quite different. Regions separated by less than about 250 km 
N-S move together. Maxwett and Daae (1954) found substantially the same 
movement over distances separated by 800 km, which does not seem to agree 
with the present conclusions. Their observations were made successively on the 
radio source in Cassiopeia and that in Cygnus, when the source in Cassiopeia 
was near lower culmination. At this time the two regions explored were at approxi- 
mately the same geomagnetic latitude. Briaas (1958) has shown that the irregu- 
larities that produce scintillation occur in large “‘patches’ which extend about 
400 km N-S and a greater distance E-W. The observations made by MAXwELu 
and Daca combined with the present observations suggest that areas in which 
the directions of drift are similar are also elongated along lines of latitude. Simul- 
taneous observations made at Cambridge and Jodrell Bank (MAxwett and Dace, 
1954) which are separated by about 200 km in an approximately N-S direction 
showed the same direction of drift on 90 per cent of the occasions—which agrees 
with the present observations. 


5, CONCLUSIONS 

Further experimental evidence is put forward to support SPENCER’s hypo- 
thesis that the irregularities which produce the scintillation of radio stars are 
elongated along the lines of force of the earth’s magnetic field. 

The sizes of the ionospheric irregularities along the magnetic field and across the 
magnetic field are calculated, and it is shown that there is: 

(a) A very marked decrease in the longer dimension (along the magnetic field) 

from high to low elevation of the radio source; 

(b) A small increase in the smaller dimension (across the magnetic field) from 

high to low elevation of the radio source; 

(c) A large variation in the axial ratio from night to night for observations 

made at high elevation. 

The effects (a) and (b) must be due to some change in the ionospheric irregular- 
ities with latitude. Booker (1956) has suggested that the dimensions of the 
irregularities along and perpendicular to the earth’s magnetic field are governed by 
the longitudinal and transverse ionic conductivities. These depend upon altitude 
in that the longitudinal conductivity increases while the transverse conductivity 
decreases with height. The effects described under (a) and (b) above are consistent 
with BookeErR’s suggestion if the heights of the irregularities decrease towards the 
north, while (c) could be explained if the irregularities occur at different heights 
on different nights. 
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It was found that V,, which is a measure of the random movement of the 
irregularities, was zero during half the observing time. It is very difficult to 
reconcile the zero values of V.. with theories for the generation of these irregular- 


ities by turbulence in the region. 

Comparison of the direction of drift of the irregularities which cause radio 
stellar scintillation and those responsible for the fading of waves reflected by the 
F-region showed that when the regions explored by the two methods were separ- 
ated by less than 250 km the movement was in the same direction. For distances 
greater than 400 km the drift directions were oppositely directed during half the 


observing time. 
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Abstract—To resolve conflicting reports concerning smooth type waveforms, over 250 traces were 
extensively examined, as exemplifying wave-guide pulse dispersion. With very precise measurement, 
regular traces and those having various minor irregularities were distinguished. Over half the waveforms 
had regular traces and were directly explicable but analysis, accurate enough to give independent values 
of ionosphere height and propagation distance, was unattainable. Independent estimates of storm 
distances from a Sferics network suggested unexpected constancy of ionosphere height at 83 2 km 
by day and night. Amplitude analysis gave identical average source spectra for day- and night-time 
waveforms and indicated unsuspectedly trivial variations of attenuation with frequency in the range 
4-10 ke/s, and for the day to night transition. 
1. INTRODUCTION 

INCREASING insight into the origin of waveform variations and success of the 
pulse-reflection interpretation of the long-train type naturally has led to 
consideration of other types. The superficially adequate explanation given by 
HALES (1948) in terms of wave-guide propagation, together with his indication of 
the equivalence of the two approaches, was questioned by the later work of 
Caton and PIERCE (1952) and CHAPMAN (1955), who were apparently unconvinced 
by Hass’ ideas yet unable to offer any substantiated interpretation of their own. 
Their tentative suggestion that wave-guide propagation beneath an ionospheric 
layer of finite conductivity might transform a pulse into a smooth oscillation, 
discounted both HA.egs’ indication of the equivalence of the two approaches, 
which implies at least to a first approximation that waveforms inexplicable in 
terms of pulse reflection would be similarly inexplicable as wave-guide dispersion, 
and the work of Caton himself (1952), who was unable to find an acceptable 
wave-guide interpretation. As Hates’ deductions were based upon the analysis 
of only half a dozen waveforms, whereas CaTon considered at least seventy and 
CHAPMAN fifteen waveforms respectively, a thorough investigation of the 
phenomena appeared to be necessary. 

Interpretation of the preliminary analyses of the present research illustrated the 
applicability in certain cases of the first-order, wave-guide dispersion formula, 
deduced for perfectly conducting boundaries, when considering only the temporal 
characteristics of the waveforms and neglecting the observed attenuation, not 
predicted when perfect conduction is assumed. The simplicity of form of the 
dispersion suggested the possibility of simple automatic Sferics ranging apparatus, 
provided a sufficiently large proportion of smooth type waveforms could be simply 
interpreted. 

2. DISCUSSION OF THE APPROACH 


The first problem to be encountered was the lack of adequate definition of the 
form and diurnal and geographical origins of the type of waveform to be 
investigated. Some confusion and inconsistencies existed and their resolution in 
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terms of an appropriate and comprehensive classification scheme is the basis of an 
-arlier paper (HEPBURN, 1958). 

Having defined the waveforms under investigation, the approach to the problem 
was the next consideration. HALEs had some initial success using a wave-guide 
interpretation, whereas CATON repudiated a pulse-reflection concept (which HALES 
had shown should give an equivalent analysis!), and had little success with wave- 
guide considerations. A full investigation of the relationship between these 
approaches was obviously necessary and reports of this have previously been 
published (HEPBURN, 1957, 1959). 

As the disagreement between observation and theory appeared to be funda- 
mental rather than of secondary nature, it was decided that the most probable 
method of ellucidating the discrepancy was to start with the most elementary and 
direct application of the theory. Wave-guide theory predicts dispersion during 
propagation so that component frequencies, which were initially closely grouped 
in phase at the source, become progressively out of phase as the propagation 
distance increases, at a rate depending upon the effective height of the waveguide. 
The final phase relations, obtained as a function of frequency, should then yield on 


analysis both propagation distance and guide height. 

Direct Fourier Analysis of the observed waveforms was attempted in some 
detail. Initially a Harmonic Analyser of mechanical design (Mader’s Harmonic 
Analyser) was applied to enlarged waveform traces, but found to be too laborious 
for determining the phase spectrum unambiguously for a large number of wave- 
forms to a high order harmonic. An electronic analyser capable of giving the 
phase-spectrum as well as the amplitude-spectrum was designed and constructed, 


but once again refinement to yield accurate information for the higher order 
harmonics was beyond the scope of the facilities and time available. 

Direct analysis was abandoned in favour of the quicker, if perhaps less direct, 
method of comparison of observation with the predictions of simple wave-guide 
theory. Derived formulae, which would have given the analytical conclusions 
much more simply, relied for their application upon the rigorous conformity of 
observation and theory, which was a very questionable assumption. HALES 
technique, after more rigorous justification (HEPBURN, 1957), and _ trivial 
modification (Fig. 1), was consequently used for the waveform analysis. The 
delay, 7’, (i.e. arrival time relative to the start of the waveform) was taken to vary 
with the quasi-period 7, of the trace, for a given storm distance d, and guide 


height h, according to the relation: 


T,, = a{[l — 7,,2(c?/4h?) |? 
3. ANALYSIS TECHNIQUE 

The traces were most easily measured by enlargement on to graph paper, with a 
magnification adjusted so that 1000 ws of the time base sweep occupied 200 mm 
when projected. To facilitate reference the projected waveform was traced, and the 
subsequent measurements entered, on the individual analysis sheet (Fig. 2a). For 
temporal analysis of waveforms the relative times of occurrence of crest and zero 
values of the trace displacement were required. By subtracting the times for points 
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separated by half a cycle of oscillation (i.e. positive and negative crests or adjacent 
zeros) the quasi-period was obtained at intervals of one quarter of a cycle at the 
corresponding times along the waveform. In the subsequent plot of quasi-period 
against delay, the ordinates were plotted on a fourfold expanded scale and being 
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Fig. 1. Smooth waveform measurements. (a) After HALEs. (b) After HEPBURN. 


the differences between slightly erroneous measurements, the resultant error of 
the plotted points was almost entirely in quasi-period. 

The plots of quasi-period against delay (Fig. 2b) on translucent paper were 
compared with theoretically derived curves, based upon the dispersion formula 
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. 2. A typical analysis sheet. 
for first-order mode propagation in a two-dimensional waveguide, formed by two, 
parallel, perfectly-conducting boundaries with a separation of 85 km (Fig. 3). In 
those cases where the scatter of the plotted points suggested poor alignment of the 
waveform on the measuring graph, the quasi-period was estimated over a complete 
cycle of the trace, as discussed in the next section. The averaging procedure on 
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measurements from a slightly misaligned waveform was found to give an analysis 
insignificantly different from that derived after the more tedious aligning procedure. 

It was soon discovered that serious discrepancies between the theoretically 
derived and observed measurements were of very real and frequent occurrence. 
This necessitated a detailed examination of the accuracy of the technique and a 
quest for an adequate background theory, without which it was difficult to decide 
which were the significant measurements to make. Since these traces appeared to 
be randomly mixed with more easily explicable waveforms, their origin was sought 
in more complex source phenomena rather than in changes due to propagation. 
The theoretical implications of replacing the assumed ideal source with more 
plausible conditions have already been discussed in detail (HEPBURN, 1959) and 
shown to hold possible explanations for the occurrence of irregularities. 

After correction or allowance for the various sources of error discussed later, 
other unquestionably significant and systematic discrepancies frequently remained. 
By inspection the smooth type waveforms could be classified into regular and 
irregular forms, depending upon the observed increase of quasi-period and 
variation of oscillation amplitude throughout the waveform (HEPBURN, 1959). 
Accurate wave-guide analysis of the “‘apparently-regular” traces revealed a 
sub-division, the pseudo-regular waveforms. These are characterized by a 
discontinuity in the analytical plots, rather than the smooth predicted increase of 
the truly-regular traces, due to slight constant displacement of the latter group of 
points with respect to the steady trend, shown by the earlier portion of the plot. 
This has previously been compared with the discontinuity to be expected from a 
plausible source, for which the intercepts by extrapolation of the linear portions 
of the phase-spectrum for the high and low frequency components possess a 
quarter-cycle phase difference. Analyses of the irregular waveforms also exhibited 
discontinuities but the groups of analytical points did not lie on displaced portions 
of a single simple curve. 

In the absence of contradictory evidence, and following the implication of the 
preliminary comparison of Sferics and analysis data, a standard ionosphere height 
of 85 km was tentatively assumed. In the straightforward cases of truly regular 
waveforms the storm distance was noted for the actual or interpolated theoretical 
curve, which best fitted the analytical points from each waveform, and the 
subsequent accuracy of the distance parameter estimated. For pseudo-regular 
waveforms, where the analytical points indicated a significant irregularity, the 
displacement and quasi-period at the discontinuity were also noted for the 
theoretical curve, which best fitted the high- and low-frequency portions of the 
trace independently. For irregular waveforms the parameters were noted for the 
best fit over the greatest portion of the trace. In those cases where parts of the 
waveform fitted two different theoretical curves, both sets of parameters were 
recorded. 

For amplitude-spectrum analysis the variation of oscillation amplitude with 
quasi-period was need. Peak-to-peak amplitudes were measured (Fig. 2a) to avoid 
the errors introduced by the indeterminacy of the true zero axis in individual 
crest amplitude determinations. 

For the truly-regular waveforms the “best fit’’ curve was drawn through the 
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analytical points and the ‘‘smoothed value” of quasi-period obtained at points 
corresponding to zeros of the trace, to which the respective measurements of 
oscillation amplitudes refer. To simplify the averaging procedure, the numerical 
value of the smoothed quasi-period was not recorded but rather the alphabetically- 
labelled 5 ws-wide, quasi-period group in which the point was found (Fig. 2b). As 
the amplitude readings were to be normalized to the value at a specific period, 
which might not co-incide with one of the analytical points, an estimate of the 
amplitude was made at this point by interpolation. The choice of normalizing 
period was governed by the requirement of a region where the oscillations were of 
large amplitude and could be most accurately measured. The quasi-period group 
centred on 125 us, corresponding to a frequency of 8 ke/s, has been used. 

In view of the uncertainty in the interpretation of the irregular waveforms and 
the difficulty of obtaining significant averages, even for the more numerous traces 
in the truly-regular waveform group, a comprehensive amplitude analysis of these 
was not undertaken. The number of pseudo-regular traces was insufficient to 
obtain significant results from statistical analysis. 


4, ATTAINABLE ACCURACY 
For the detection of minor temporal irregularities in the waveforms it was 
necessary to know the reliability of each measurement so that the significance of 
any deviation might be correctly interpreted. In attempting high accuracy 
several sources of errors were investigated. 
With a given waveform successive measurements of crests and zeros of the 
trace show slight indeterminacy. At the start of the trace, where the oscillation 


amplitude is large and the quasi-period short, the points may be measured to an 
apparent accuracy of +1 us but later, low-amplitude, long-period oscillations are 
only measurable to +5 ws, even when the trace is not disturbed by background 


‘noise’. 

More serious from the point of view of the present investigation are the various 
systematic errors, which can arise and which cannot always be eliminated, even by 
laborious re-alignment of the projected trace on the graph paper and re-measure- 
ment. If the undeflected zero of the trace is parallel with, but slightly displaced 
from, the graph paper zero, then the zeros of the trace are wrongly measured. 
{specially towards the end of the trace do the errors become large and alternate 
in sign. Careful alignment of the trace does not always remove this error, since the 
waveform itself may contain a very-low-frequency component or may be subject 
to distortion due to uncompensated changes in the 50 ¢/s stray pick-up field or 
harmonics of this, which cannot be annulled. If the true zero of the waveform is 
slightly inclined to the graph zero, errors are introduced which are largest and 
alternate in sign at the start of the trace, where the oscillation amplitude is largest. 
Averaging the quasi-period over a complete oscillation, rather than measuring 
each half cycle, very greatly reduces, but does not entirely remove, the stagger of 
the points about their true sequence in both of these cases. 

Discovery of a particular type of deviation from the expected form of quasi- 
period—delay plot let to an investigation of deflection distortion in the flat-faced, 
double-beam cathode ray tube (Cossor 89D). Considerable pin-cushion distortion 
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occurred on the left-hand side of the screen resulting in an apparent advancement 
of large amplitude peaks by as much as 7-5 ws. A crest position-time correction dia- 
gram was made and used for correcting the measured times from large amplitude 
traces. The optical recording and projection systems were found to be relatively 
free from distortion. The time-base generator was checked for non-linearity and 
found to show a gradual reduction of only about 1 per cent in velocity during the 


sweep. 
As general trends of the amplitude spectrum, rather than detailed investigation 
of minor irregularities, were to be studied, extreme precision was not required in 


the amplitude measurements. 


5. IMPLICATIONS OF LIMITED ACCURACY 


Unfortunately deviations from the simple case, whereby pseudo-regular 
waveforms may be detected, are comparable with the experimental errors in 
determining the time intervals from the waveforms so that it is difficult to be 
certain in ascribing the deviations to this cause. A phase change of } cycle in a 
waveform from 3000 km, for which the peak separation increases with peak order 
at the rate of about 30 us/cycle, would give portions of the (7'’, 7) graph displaced 
vertically by only 7} us. The expected positions of the mid-points of the (7’, 7) 
graph, assuming a truly-regular waveform, are known to an accuracy only slightly 
better than the mean of the probable errors of points at opposite ends of the graph, 
say }(1 + 5) ws. Deviations from regularity will be apparent only if systematic 
discrepancies are greater than or comparable with this magnitude. For the 
3000 km waveform mentioned, systematic deviations of +332 us before the 
discontinuity and —3? us after it are closely comparable with a 3 us indeterminacy 
in the expected positions of the points themselves. Only in the best analyses will 
it be possible to be categorical about the nature of the originating discharge on the 
evidence of these very minor but systematic deviations. The discontinuity in 
quasi-period of }Az/cycle, which is approximately h?/cd, increases with decreasing 
storm distance, d, but is limited to 14 ws at the minimum observed range of 1700 
km for these waveforms, assuming a value of h = 85km. Thus the occurrence 
will only be easily detectable in the waveforms of closest origin and the certainty 
will decrease rapidly with increasing range. 


6. INDIVIDUAL EVALUATION OF PARAMETERS fh AND d 

Whilst discussing the accuracy required for the detection of source variations, 
it is appropriate to consider the accuracy with which the theoretical parameters 
(h, d) may be determined independently from the analysis of waveforms in the 
presence of measurement and irregularity errors, on the assumption that the wave- 
form originates in a simple source. Caton and Pierce, and HORNER and CLARKE 
(1955) have discussed the problem in terms of reflection theory nomenclature. The 
former have shown that with two adjustable parameters (f, d) an extensive range 
of possible solutions exists, when comparing observed and calculated time 
intervals, if there are only a few peaks (say six or less) detectable, unless they are 
measured to an unattainable accuracy. The latter workers extended considerations 
to the more practical case, where reflection orders of individual peaks were also 
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unknown, and the corresponding indeterminacy of h and d increased alarmingly. 
Hales had noted the corresponding effect in wave-guide analyses. 

For the present research, theoretical (7', r) curves were drawn for values of h at 
5 km intervals in the range 50-85 km and d values at intervals of 250/500 km over 
the range 500-8000 km (e.g. Fig. 3). To illustrate the dependence of range 
estimate upon the assumed value of reflection height, these theoretical curves were 
compared. Observation has shown that the quasi-periods of the measurable 
oscillations in a waveform are usually restricted to the range 7 = 75-225 us. Over 
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Fig. 3. Typical quasi-period delay curves. h 85 km. 


this range almost identical curves are obtained for families of parameter values 
(Fig. 4). As the start of the waveform is frequently not obtained on the record 
despite the use of a 100 ws delay line, occurring well before the triggering of the 
apparatus, coincidence of the t-axes for the curves under comparison could not be 
assumed, if the investigation was to have practical significance. The curves for 
h = 85 km were used as reference lines and the other sets of curves compared in 
turn over the range + = 75—225 us, firstly with the 7-axes coincident (Fig. 4a) and 
secondly without this restriction (Fig. 4b). In each instance the maximum 
divergence of the best-fit curve from the reference line was noted and indicated on 
the plots of parameter values which gave almost identical (7, 7) curves. Non- 
coincidence of the r-axes permitted much closer agreement of pairs of caiculated 
(7, 7) curves and over a greatly extended range of parameter values for a permitted 
discrepancy. Accepting errors of 5 us as inevitable in some parts of the trace, it is 
seen to be impossible to ascribe a definite value of h within the range 50-85 km for 
traces lacking their initial portions. Even when these are present, / values as low 
as 75 or 65 km, depending upon the storm distance, give traces indistinguishably 
different from those having h = 85 km and an appropriately chosen value of ‘‘d”’. 

Accordingly the choice of the correct parameter values can only be made when 
there is independent evidence for the true value of one or other. The appropriate 
value for the equivalent ionosphere height is not known and is a subsidiary aim of 
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Fig. 4. Dependence of distance estimate upon assumed ionosphere height (a) 7-axes 
coincident. (b) 7-axes displaced. - Lines of equal divergence us. 


the present investigation. Although probably subject to diurnal, annual and 
secular variation and perhaps an orientation effect, its value for a given storm 


position can reasonably be expected to remain constant during a recording period 
of only a few minutes. Estimates of the appropriate storm distance may be 
available from Sferics data (OCKENDEN, 1947), and are of reasonable accuracy 
when the centres are not too remote. Burst (1957) quotes a useful range of 1500— 
2500 km. In these circumstances the best approach appears to be the derivation 
of an average value of h, based upon those waveforms for which good analyses and 
reliable Sferics fixes are available, and the assumed constancy of this parameter 


for other waveforms of unfixed or distant origin. 


7. RECORDING TECHNIQUE AND WAVEFORM SELECTION 

An equivalent of the conventional sphere aerial, situated on the roof of the 
department, was used as the exposed conductor for the detection of fluctuations 
of the earth's electric field, caused by radiation from distant lightning discharges. 
After compensation for the stray 50 ¢/s mains pick-up and filtration to suppress 
signals from a local 16 ke/s Post Office transmitter, the signal was fed to both an 
amplitude-operated trigger unit and a 100 us lumped-constant delay line, which 
permitted examination of the field variation during the 100 ws immediately 
preceding the triggering of the apparatus. The delayed signal was subsequently 
amplified and displayed on a cathode-ray oscilloscope, which was _ brilliance- 
modulated for the duration of the | ms sweep by the appropriate trigger unit 
output. Another output from the trigger unit was used to activate the camera 
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motor for | sec after the recording of each waveform and so advance the film by 
l in. steps to space the traces along the film. The fast, green-sensitive (Ilford 5G91), 
unperforated 35 mm film was continuously exposed to the oscilloscope screen 
during the recording periods and consequently recorded all the randomly occurring 
atmospherics of sufficient amplitude to operate the trigger circuit. The trigger 
unit was made insensitive during the film-advancing process. 

Through the courtesy and cooperation of the Sferics operators of the British 
Meteorological Office, individual waveform source position estimates were 
available for many of the recorded traces. In an attempt to obtain more significant 
fixing of the more distant waveform sources, the assistance of the United States 
Air Weather Service was requested and most willingly offered; however, the 
deciphering of the data supplied proved disappointingly unhelpful, as storm 
centres were rarely noted within a range of 5000 km of the British Isles. 

Most of the waveforms were recorded within the period from mid-1954 to 
mid-1956, with individual Sferics fixes restricted to the earlier half of the interval, 
when it was possible to enlist the services of the Sferics network and arrange joint 
recording runs at short notice. 

Complete waveform analysis was extremely tedious and time-consuming. 
Accordingly, some selection from the thousands of traces available was necessary 
and was based upon the potential usefulness of the analyses. Waveforms were 
generally chosen for analysis from those runs which contained several smooth 
waveforms of comparatively close origin, whose sources were fixed with tolerable 
accuracy by the Sferics network. In practice waveforms were analysed for the 
assumed value of / = 85 km and the Sferics data used to indicate the need and 
extent to modify this assumption. An additional desideratum was the choice of 
runs for which the waveform origins were closely grouped, so that averages refer in 
all probability to a single storm centre at fixed distance and direction. For the 
detection of diurnal variation, a series of runs taken on the same day extending 
over the “twilight” period is most useful, since the high probability of constant 
source position for a persistent storm would again remove possible variations due 
to uncertain and variable location when comparing results for different days. 
Attention has been principally restricted to 269 waveforms for comparison with 
the theoretical deductions based upon the preliminary analyses and evaluation of 


propagation constants. 


8. ANALYSIS OF INDIVIDUAL REGULAR WAVEFORMS 
Occasionally a very high quality analysis was obtained, either by chance or 
persistent re-alignment and re-measurement, until the points lay on a smooth 
curve. Such analyses suggested the classification into Truly-, Pseudo- and Ir- 
regular forms for the Smooth-type waveforms (HEPBURN, 1959). In the vast 
majority of cases the analyses were not ideal and the points were scattered about 
a smooth curve. In the best of these cases it was possible to distinguish unam- 


biguously between regular and irregular waveforms, without taking running 
averages over each complete cycle. With less favourable traces, averaging was 
necessary to avoid ambiguity and consequently smoothing was applied, whenever 


appreciable scatter was found. 
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In several cases waveforms of slightly peaky or angular nature—not of the 
quasi sinusoidal form—have been analysed to investigate the applicability of the 


concepts in their interpretation. 

Frequently (148 cases out of 269) the analytical points were closely in agreement 
with a theoretical curve and analysis was surprisingly accurate. Probable errors of 
the distance estimate were generally about 10 per cent, but accuracies of 5 per cent 
were almost as frequent. Occasionally (eighteen cases, sub-group R—A) a couple 
of points deviated from the curve (Fig. 5A), indicating that a point on the wave- 
form was displaced from its expected, to an abnormal, position by more than the 
errors of measurement. Once the displacement of a complete cycle in the middle 
of the waveform, rather than a single crest. was indicated. Since the rest of the 
traces satisfied the requirements for a regular waveform, they were classified as such. 
In eleven cases the peaks were smooth but visibly displaced, occurring usually 
10 us before their expected positions. In the remaining cases the peaks were of 
obviously distorted form. The conclusion was inevitable that in otherwise regular 
traces single crests can be displaced by up to 20 us in either direction. They 
appeared to be random with respect to the sign of the deviation, the magnitude 
and accuracy of the distance estimate and time of day. However, they occurred 
when the quasi-period was very close to the mean value of 139 ws, from which the 
mean deviation was only 7 ws. Deviations in other regions of the trace would have 
been easily detectable and the compact grouping suggests a very selective 
mechanism for their origin. 

It was usually impossible to distinguish truly- and pseudo-regular waveforms, 
unless the discontinuity was large, since a slight error in position determination 
of one point could convert a truly-regular into a pseudo-regular analysis. In 
ambiguous cases true-regularity was assumed and only twelve traces were 
classified as pseudo-regular. The few results available suggested a close grouping 
of discontinuities of 0-5 +. 0-15 cycle in the quasi-period range 120 + 8 us, 
together with larger discontinuities of 1-0 cycle at greater quasi-periods. The fact 
that the phase discontinuities are always greater than the anticipated limit of 4 
cycle, suggests that these twelve traces may be typical of an irregularity arising 
from a mechanism other than that suggested for pseudo-regular waveforms. 
| cycle discontinuities apparently could not be distinguished from true regularity 
with the accuracy of the present analyses. 


9. ANALYSIS OF INDIVIDUAL IRREGULAR WAVEFORMS 

When the analysis indicated an irregularity the distance estimation was not as 
simple. Various types of irregularity in the analytical plots were observed 
(Fig. 5 B—F), which it was convenient to categorise in sub-groups B—F. There were 
analyses showing a single point or compact group systematically below (Fig. 5C) 
or above (Fig. 5E) an otherwise smooth theoretical curve, which adequately 
portrayed the points both before and after the irregularity. These respectively 
indicated an abnormally contracted (sub-group C) or extended (E) cycle of 
oscillation of the waveform. At times the groups of points before and after an 
irregularity lay on different theoretical curves. These incomplete curves 
occasionally joined up smoothly (Fig. 5B), so that the curve through the points 


46 





Analysis of smooth type atmospheric waveforms 


exhibited an obvious bend (sub-group B); but at other times they were disjointed 
or overlapped in their ranges of ordinate values (Fig. 5D) and suggested the 
occurrence of a double (D) waveform, as might be produced by overlapping 
waveforms originating at different distances. 

An irregularity was usually indicated in the waveform itself by the existence 
of a half-cycle of abnormal duration (Fig. 5A) or amplitude (Fig. 5D) or a kink in 















































Fig. 5. Sub-groups of waveform irregularity. 


the trace between adjacent half-cycles (Fig. 5E). Sometimes these irregularities 
of the waveform were barely detectable (Fig. 5 B, C) but on other occasions they 
were very obvious and in some cases the oscillation amplitude faded (sub-group F) 
almost to zero (Fig. 5F) and the irregularity extended over one or more cycles. 
Usually the variations were large enough to permit discrimination but there was 
occasional ambiguity in the sub-classification of these irregular waveforms. 
{stimation of distance for sub-groups C and E was made by neglecting the 
ragaries of the points displaced because of contracted or extended portions of the 
waveform. For sub-groups B and D, two distances were estimated from the early 
and late portions of the trace. Analyses of the five sub-group F waveforms 
neglected the wildly divergent points where present in the region of small 
amplitude. Only six traces giving very irregular analyses were unclassified. 
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It was found that the irregularities in the nine sub-group B waveforms occurred 
towards the end of the trace, where the quasi-period was 150-200 ws. However 
the twenty sub-group D discontinuities were spread throughout the waveform 
with remarkable uniformity. The contraction for the twenty sub-group C traces 
was between 10 and 40 ws, averaging 27 + 8 ws and occurring principally in the 
quasi-period range 120-140 ws. The extensions of the forty-nine sub-group E 
waveforms were larger and more widely spread (46 + 17 ws) and distributed 


fairly uniformly throughout the trace. 

From the variety of distributions, for the irregularities of waveforms in the 
subgroups, in both magnitude and quasi-period, it would appear that the 
discrimination is of more fundamental nature than mere convenience of an 
arbitrary analysis classification and probably originates in distinct phenomena of 


the parent lightning discharge. 

The salient feature of the sub-classification is the evidence that over half of the 
waveforms may be treated as regular and analysed without hesitation for an 
estimate of the storm distance, provided the effective ionosphere height is known. 


10. DisTANCES OF ORIGIN 

For the irregular waveforms at least, the analysis was tentative, and it was 
necessary to see if the distance estimates from these waveforms had any signifi- 
cance. The values of d from both regular and irregular traces and from Sferics 
data appeared reasonably compatible for any single recording period. The vast 
majority (twenty-eight out of thirty-three) of the analyses from waveforms having 
angular rather than sinusoidal oscillations (included to test the applicability of 
wave-guide theory to peaked, i.e. daytime reflection type, waveforms) gave 
distances of 2000 km or less. Moreover for those analysis estimates greater than 
2000 km the Sferics estimate indicated a shorter range of less than 2000 km. For 
smooth waveforms giving analysis estimates of less than 1750 km the Sferics data 
invariably indicated a range greater than this. In either case it appeared that 
slightly erroneous estimates were responsible for the scatter and that a rapid 
transition from peaked to smooth waveforms occurred in the region of 1750-2000 
km. Most of the angular waveforms (twenty-six out of thirty-three) gave regular 
analyses with distance estimates principally (nineteen out of twenty-six) of 
1750 km or less. 

The mean values of the distance estimates of the regular waveforms and those 
irregular traces in sub-groups A, C and E (neglecting all obviously angular traces) 
were 2720 and 3200 km respectively. Assuming Gaussian distributions, which 
appeared not unreasonable, this difference was highly significant, indicating either a 
systematic 17-5 per cent overestimation of distance for the irregular traces or an 
increasing proportion as the distance increased, or perhaps a combination of both 
effects. Such overestimation, if such it was, was principally due to sub-group E 
traces, for which the mean distance was 3350 km. For the sub-groups B and D no 
significant consistent correlation was observed between Sferics estimate and the 
analytical distance from either the early or late portions of the trace. In four cases 
for sub-group B traces there was good agreement with the estimate from the initial 
portion of the waveform, but in the other case the latter portion fitted much better. 
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11. Errective lonosPpHERE HeEIcutT 

For a correctly assumed height a correlation plot of analysis and Sferics 
estimates of distance would give an average linear relation at 45° to the axes. For 
both the forty-nine regular and eighteen irregular traces from distances of 1500 to 
3000 km it was found that 4 = 85 km was a good assumption on average. The 
scatter about the mean was slightly greater for the irregular waveforms, suggesting 
less accurate analysis estimates; but for each the mean deviation was close to 15 
per cent, which could be explained by errors of only 10 per cent in each of the two 
estimates. The best proportional relationship showed that h = 85km gave 
irregular waveform analyses in closest agreement with Sferics data, whilst for 
regular waveforms the analysis distances averaged 4 per cent more than Sferics 
data. Since the Sferics network was unlikely to have discriminated, this implied 
that irregular waveform analyses under estimated the distances by some 4 per cent 
compared with regular analyses and that the appropriate ionosphere height was 
85 (1-4.4%), i.e. 83 km. 

In certain cases the mean ratio of analysis to Sferics distance estimates for a 
given recording period were obviously different from the overall mean of 1-03 + 
0-21, by as much as 0-28, suggesting variations in effective ionosphere height, but 
being insufficiently precise to prove a significant difference. Most surprisingly 
there was no suggestion of a systematic variation of the ratio with time of day. 
Traces recorded by day gave an average value of 1-05 + 0-13, whilst for traces 
recorded 2, 3 and 4 hr after sunset at the source the value was 0-95 + 0-16. The 
run 4 hr after local sunset gave a mean value identical with the daytime average, 
rather than the most divergent from this value as might have been anticipated. A 
constant average ionosphere height of 83 + 2 km irrespective of time of day was 
the most reasonable conclusion from the results available (HEPBURN, 1960). 


12. TrRacE AMPLITUDE ANALYSIS 
The previous paper on the interpretation of smooth type waveforms (HEPBURN, 
1959) has shown how the average relative spectrum at the source A(f)/A(/’) and 
the variation of relative attenuation coefficient for the propagation (a, — «,) may 
be derived from the variation of trace amplitude £(f) along the waveform from the 


relation: 


7 1H) — ‘ P l fA(f ")1/2 1) h( f)1/2r 
In (E(f)/E(F)} +o, — [ay rd va) : d is In [A(f)d(F) /A(F)¢(f) J 
where the phase term ¢(f) due to propagation is given by: 
Of) =a. fle .(f? —f2)” 
and f, is that the cut-off frequency for the mode. This formula is obtained from 
the initial assumption of propagation between perfectly-conducting boundaries by 
introducing the attenuation coefficient as a first approximation to the case of 
imperfect conduction, in which the amplitudes but not the temporal positions of 
the oscillations are affected, and the characteristics are such that only first-order 
mode propagation is effective at the distances considered (BUDDEN, 1951). 
Accordingly the average variation and standard deviation of the relative trace 
amplitude with quasi-period for the 148 regular waveforms was determined for 
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distance ranges between 1500 and 4000 km (Fig. 6). It was found necessary, 
because of the restricted number of analyses available and the large variations 
among waveforms, to average over 25 rather than 5 us intervals of quasi-period, 
otherwise the averages were not precisely determined and did not lie on a smooth 
spectral curve. The discrimination between day and night observations shows 
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Fig. 6. Amplitude spectrum at 2500 km. F 8 ke/s (125 ys). 
@ day, x night, in 5 ws groups. 


that the spectra were significantly different, especially at the greater distances. 

Noticeable features of the trace amplitude spectra were: the rare occurrence of 
daytime amplitudes greater than at 125 ws, for quasi-periods greater than 125 ys; 
the relatively greater amplitudes of these lower-frequency oscillations at night 
than by day with correspondingly smaller amplitudes of quasi-periods less than 
125 us. These features were more pronounced with increasing propagation distance. 

For the various quasi-periods in turn, the variation of average relative 
amplitude with increasing distance was investigated. To determine any significant 
trends and the reliability of their magnitudes an extensive statistical analysis 
proved necessary. The best straight line relation for each of the logarithmic plots 
was determined, using the least-squares method and weighting the observations 
inversely as their standard deviations. 

The estimates of the best value and probable error of the intercept of each 
graph of In {E£(f)/E(F)} against distance, gave these quantities for the average 
relative amplitude at the source A(f)/A(/), for a selected frequency f with respect 
to 8 ke/s (Fig. 7). The spectra deduced from day and night waveforms were 
insignificantly different thus providing a gratifying vindication of the analysis and 
the reliability of its conclusions. From the slopes of the logarithmic plots, 
attenuation coefficients were estimated for day and night propagation, and 
expressed as relative attenuation in decibels per 1000 km of path length, referred 
to that at 8 ke/s. (Fig. 8). The attenuation varied little throughout the frequency 
range 4-14 ke/s and had only slight diurnal variation. 
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Whilst very unexpected when comparison is made with previous atmospherics 
measurements (GARDINER, 1950; Bown, 1951; CHAPMAN and Macario, 1956) and 
theoretical deductions (BUDDEN, 1951), these slight variations in attenuation 
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Fig. 7. Average source spectra from day and night waveforms. 
EF = $ kejs; day; @ night, — ——-— mean. 


might have been predicted for this restricted group of smooth-type waveforms 
from the very close similarity of the day and night traces. Whilst the daytime 
attenuation is most comparable in form with the attenuations deduced by earlier 
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Fig. 8. Attenuation coefficients by day and night, (dB per 1000 km relative to 8 ke/s). 
) - day x —-—-— xX night, CHAPMAN and MACARIO. © day, x < night, HEPBURN. 


observers, showing an increase as the frequency is reduced, its variation is much 
less rapid. However, CHAPMAN and Macario have commented qualitatively upon 
the improved transmission of signals in the region of 5 ke/s, when propagated over 
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an appreciable sea-path, but have not indicated the magnitude of the effect. The 
increase in night-time attenuation as the frequency is increased above 10 ke/s. 


appears to be totally unpredicted. 


CONCLUSIONS 

This research has indicated the precise nature of the observations necessary 
for accurate analysis of the truly-regular waveforms and for the reliable detection 
of deviations from the predictions of simple theory. With an accuracy only 
approaching this precision, it has been found possible to discriminate amongst 
several sub-groups, by the types of deviation from the elementary predictions. It 
has been shown that half of the waveforms classified as ““‘Smooth type’? may be 
successfully interpreted by simple first-order mode-propagation theory, as far as 
the temporal occurrences are concerned. Systematic differences of the irregularities 
suggests significantly different source phenomena as the cause of the various 
subgroups. 

With reliable evidence for the appropriate value of the height of the equivalent 
homogeneous ionospheric layer, accuracies of 5-10 per cent can be claimed for the 
distance estimates, from straightforward analysis of the regular and some of the 
irregular waveforms. Available Sferics data suggest that a fixed ionosphere 
height of 83 km may be equally acceptable for the analysis of day- and night-time 
traces, since no significant variation was indicated by investigations over the 
twilight period. Confirmatory evidence of an abrupt transition from Peaked to 
Smooth type waveforms at a distance between 1750 and 2000 km in a south- 
westerly direction was once more obtained. The method of analysis, applied to 
distant peaked waveforms observed at 1500 to 1750 km over the Atlantic was 
found to yield significant results in conformity with Sferics data. 

The results of amplitude analysis indicate the success of the interpretation of 
smooth type waveforms, although the slight attenuation during propagation shows 
the incomplete applicability of the concept of perfectly conducting boundaries. 
Provided that slight deficiencies from perfect conduction in the bounding media 
can be shown to produce slight attenuation for first-order mode-propagation and 
high attenuation in other modes, without altering the positions of the crests of the 
first-order response, the approach will have been completely justified. 

The calculation of attenuation coefficients has provided additional evidence of 
the very close similarity of day- and night-time propagation conditions for these 
waveforms, in that negligible relative attenuation was found in the range 4-10 ke/s. 

The existence of regular waveforms of simply explicable form in a large 
proportion (>50 per cent) of cases makes feasible the design of automatic storm- 
ranging apparatus, based upon a frequency dispersion proportional to path length. 
The accuracy of such would be approximately independent of storm distance and 
provide a valuable supplement to Sferics networks with short-base lines, which 
provide accurate information only at short range. 

The apparent absence of any large diurnal variation in the propagation 
characteristics would seem to require a re-appraisal of the role of the ionosphere 
in the problem, in order to explain the constancy of the ionosphere effect, from a 
layer whose diurnal variation of properties makes such a major contribution to the 
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form assumed by atmospherics originating to the south-east of the British Isles. 
Obviously waveform investigations in other regions of differing land—sea distri- 
bution and perhaps also having a widely different value of magnetic declination 
would be a great asset in the ellucidation of the factors involved. 
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Abstract—Continuous monitoring of the radio source in Cassiopeia (23N5A) on a frequency of 79 Me/s 
has made possible an analysis of the variations of radio star scintillations observed from Jodrell Bank 
(latitude 53°N). Monthly average daily variations are presented as functions of solar time, and the mean 
daily variations averaged over a year are evaluated as functions of both solar and sidereal time. An effect 
due to the geomagnetic latitude at which the observations were made, is demonstrated. Since records 
are available for over 4 years, the variation of scintillations with the sunspot cycle has been studied, and 
it has been found that in years of high solar activity scintillations show a strong seasonal dependence 
When examined over this long period, there is a strong 


with maximum activity at the equinoxes. 
Evidence has been 


negative correlation between scintillations and the occurrence of spread-/’ echoes. 
obtained that the angular size of the Cassiopeia source is sufficiently large to produce scintillations 


different from those expected of a point source. 


1. INTRODUCTION 


2adIoO star scintillations have been recorded continuously at the Jodrell Bank 
Experimental Station of the University of Manchester for a period of over 4 years. 
The receiving system has already been described (Dace, 1957) together with the 
results of an analysis of the records obtained in the first 12 months of operation. 
This paper describes an analysis of all the records now available and covers the 


years 1954 to 1958 inclusive. 


2. EquripMENT AND RECORD ANALYSIS 

The apparatus consisted of a total power radio-frequency receiving system 
tuned to 79 Mc/s. The aerial, a broadside array on an equatorial mounting, was 
directed at declination + 58° and was driven by an electric motor working through 
reduction gearing so that the aerial completed one revolution each day. In this 
way, the Cassiopeia radio source (23N5A) could be kept continually in the aerial 
beam. The output of the receiver was recorded on roll chart driven usually at a 
speed of 6 in/hr. The routine method of analysis was to assign an index represent- 
ing the mean rate and mean amplitude of the scintillations during every } hr 
period of each solar day. 

The amplitude index was determined by assessing visually the mean peak-to- 
peak amplitude of all the fluctuations occurring in the } hr period. It was first 
expressed in terms of chart divisions and then converted into a percentage of the 
estimated source intensity calculated from the nearest sensitivity check. This 
rapid inspection method used to analyse the charts was found to give consistent 
results when compared with values obtained by actual calculation of the arith- 
metic mean of the amplitudes of the individual fluctuations. Small irregularities 
in the outline of individual fluctuations sometimes made it difficult to decide 
whether they should be counted as separate fluctuations, and so it was decided, 
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quite arbitrarily, to discount any perturbation with an amplitude less than 10 per 
cent of the associated fluctuation. 

The rate of scintillations was determined by counting the number of maxima in 
each } hr period and expressing this as the average number of fluctuations per 
minute. The criterion for distinguishing an individual fluctuation was the same as 
that described above. With the chart being driven at the normal speed of 6 in/hr, 
fluctuations occurring at the rate of up to four per minute were clearly resolved. 
The chart speed thus set the upper fluctuation rate which could be measured since 
the output time constant of the receiver was only 0-5 sec. Unresolved fluctuations 
were rarely observed, however, but at times when these were noticed or could be 
anticipated, the chart drive speed was increased to 12 in/min, giving an improved 
resolution of up to eight fluctuations per minute. 

3. STATISTICAL TREATMENT OF THE RESULTS 


3.1. Solar time variations 

For each 3 hr, the tabulated half-hourly amplitude and rate indices were 
averaged and used to show the mean variation of scintillation activity with solar 
time during each month. Since rate indices can be specified only for periods during 
which distinguishable scintillations were actually observed, this limits the statis- 
tical significance of the rate variation curves in months when the occurrence of 
scintillations was low. 

It was estimated that the minimum detectable scintillation amplitude was 
about 5 per cent of the intensity of Cassiopeia, so that a figure representing the 
frequency of occurrence of scintillations greater than this minimum level for each 


} hr period during the month, was derived. This was expressed as a percentage of 
the number of } hr periods for which observations were available during the month. 
A similar method was used to derive the percentage occurrence of scintillations 
greater than 15 per cent and 30 per cent of the source intensity. To give a measure 
of the statistical significance of any point, a figure was obtained for each } hr of 
the day, which represented the number of these periods for which the records were 
considered analysable, expressed as a percentage of the number of days in the 


month. 

The above results were further averaged to give the annual mean solar diurnal 
variations by averaging the results of the months January to December inclusive 
for each year. This process results in the smoothing out of effects due to the vary- 
ing position of the source because during a complete year the source occupies the 
whole range of its various positions in the sky at any given solar time. 


3.2. Sidereal time variations 

As has been stated, the scintillation indices were recorded in solar } hr periods 
and so an approximate process was used to obtain the average variations with 
sidereal time. For each month, the solar time of upper meridian transit of the 
source on a day near the middle of the month was evaluated. The half hourly 
indices were then rewritten in columns marked in hour angles from 0000 to 2400 
hours, and so arranged that the mean index for the month recorded at the solar 
time of source transit near the middle of the month appeared in the 0000 column. 
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This process gave a series of values corresponding to forty-eight positions of the 
star on its diurnal path. The results for 12 months were averaged together to give 
the mean variation of scintillation activity as a function of sidereal time, with 


solar time variations averaged out. 


4. PRESENTATION OF RESULTS 

4.1. Typical records 

1(a) is a typical example of the recorded noise level in the absence of scintillations. 
Fig. 1(b) exhibits the normal type of scintillation observed, with a mean amplitude 
of 23 per cent of the source intensity and a scintillation rate of 1.1 fluctuations per 
minute. Fig. l(c) is included to show the strong scintillations commonly observed 
at the time of severe disturbances of the earth’s magnetic field. Here the mean 
amplitude is about 67 per cent of the source intensity. The rate is too fast to be 
determined accurately but is probably greater than seven fluctuations per minute. 


Fig. 1 shows three examples of the records obtained with the equipment. Fig. 


4.2. Monthly mean diurnal variations 


Curves are now available for 54 months showing the diurnal variations of scintil- 
lation occurrence, amplitude and rate derived in the way explained in Section 3.1. 
For each month the mean diurnal variation of both spread-F at Inverness and 
the magnetic A, index have also been plotted for comparison purposes. The 
results for the 12 months from August 1954 to July 1955 inclusive have already 
been published in this form (DaGe, 1957), and described in detail. All the monthly 


curves obtained since July 1955 show similar diurnal characteristics to those 
described by Dace but some significant differences in the variation of scintillations 
and spread-F have become apparent in the course of 4 years of observation, and 
these will be considered later. Two sets of the monthly curves are reproduced in 
Figs. 2 and 3 to illustrate the principle features of the observed variations. 

The curves for March 1956 (Fig. 2) illustrate that the maximum mean amplitude 
of scintillations was obtained near midnight, when the value was 46 per cent of the 
source intensity. Scintillations were observed every night between 2100 and 0300 
hours during this month, but rarely observed during the day. The transition 
between night and day conditions is obviously quite pronounced in the case of 
scintillations, but the spread-F curve rises more slowly and peaks about 3 hr later 
than the scintillation curves. On the other hand, the decline in the occurrence of 
spread-F takes place very rapidly at about 0600 hours when the scintillation 
activity has already fallen to a low value. 

The curve of scintillation rate shows a broad peak from 1800 to 0100 hours 
with a value near three fluctuations per minute. The rate decreases on either side 
of this peak and the curve becomes erratic near midday. The latter effect is due 
to the poor statistical significance of the average rate figure when the scintillation 
occurrence was low, because as already explained, the average rate was obtained 
using only those values recorded when scintillations were actually observed during 
the month. 

The A, curve indicates peak magnetic activity near 0000 hours. The broad 
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Fig. 1. Sample records from the continuously following scintillation equipment, 
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Fig. 2. Monthly mean diurnal variations, Fig. 3. Monthly mean diurnal variations, 
March 1956. September 1958. 
(a) Scintillation occurrence. (b) Scintillation amplitude. (c) Spread-F occurrence. 
(d) Sum K,-indices. (e) Scintillation rate per minute. 


maximum is maintained longer than that of either the scintillation indices or the 
spread-F index. 

The results for September 1958 (Fig. 3) show many features which are different 
from those for March 1956 (Fig. 2). The occurrence of scintillation lies between 
50 and 90 per cent of the time for the whole month and has no pronounced peak. 
The mean amplitude of the scintillations varies by a factor of only 2 to 1 from 
night to day and the maximum value is only 16 per cent of the source intensity. 
The occurrence of spread-/ echoes is relatively slight but the shape of the curve 
is broadly similar to that of the scintillation amplitude diagram. 

The scintillation rate varies very little during the day remaining at about 1-5 
fluctuations per minute. The XK, curve shows a minimum value at 0800 hours with 
the high values showing little variation between 1000 and 2200 hours. 

The 2 months which have been considered show extreme examples of the 
monthly average variations of scintillation activity obtained during the year. An 
examination of all the available monthly curves reveals that there is a gradual 
deformation of the curves for March leading to those for September, and in fact 
the monthly curves seem to vary cyclically from one extreme to another. The 
probable cause of this effect will become clear when the annual average solar time 
and sidereal time variations have been presented. 


4.3. Annual average solar diurnal variations 
The curves for the years 1955 to 1958 inclusive are plotted against local time 
in Fig. 4. Perhaps the most striking features are the increased activity from 1955 
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Table 1. The annual variation of scintillations with solar time 





Scintillation amplitude Scintillation rate 


Maximum Minimum Maximum Minimum Observing 
Max Max time 
‘min Flucts Flucts /min (%) 
ratio | per T.-) per J.T. | ratio 
min 


? . 0600 
2000 . 0700 
2300 . 0900 
2000 : 0700 


2200 : 0700 
0000 1300 
2300 8 1300 
0000 j 1300 


bo bo bo bo 





to 1956 and the strong diurnal variation exhibited. Table 1 lists the important 
features of these four curves, as indicated by the column headings. 

It can be seen that the peak scintillation amplitude occurred between 2200 and 
0000 hours local time and the minimum activity occurred at 1300 hours except 
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Fig. 4. Annual average variation of fig. 5. Annual average variation of 
scintillation amplitude with solar time. scintillation rate with solar time. 





during 1955. The year 1957 was the most active with an overall average scintilla- 
tion amplitude up to 37 per cent of the estimated source intensity, and a minimum 
level as high as 8 per cent. The ratio of maximum to minimum activity varied 
between 8-0 and 4-6 and was smallest in the most active year. 

The average annual scintillation rate was obtained by averaging together the 
monthly results in each year. The curves are presented in Fig. 5 where it can be 
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seen that those for 1955 and 1956 are somewhat irregular in shape due to the 
relatively poor statistical significance of the individual points. For 1955 this is 
due to the low occurrence of scintillations during that year, and in 1956, reliable 
observations were only obtained for 56 per cent of the total time as indicated in 
Table 1. The salient features of the rate curves are listed for convenience in Table 1. 

It is clear that the change from year to year in the average scintillation rate 
was not as marked as the observed changes in the scintillation amplitude. The 
maximum scintillation rate was about 2-3 fluctuations per minute and the minimum 
just over one per minute. The ratio of maximum to minimum rate did not vary 
markedly from year to year but was smallest in 1957. The time of occurrence 
of the maximum rate was approximately the same as that for the maximum 
scintillation amplitude, but the minimum rate occurred well before the time of 
minimum amplitude. 


4.4. Annual average sidereal time variations 

The method used to obtain the variations with sidereal time of both scintilla- 
tion rate and amplitude has been described above. Both the scintillation amplitude 
(Fig. 6) and the scintillation rate (Fig. 7) curves are plotted as a function of time 
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Fig. 6. Annual average variation of Fig. 7. Annual average variation of 
scintillation amplitude with position scintillation rate with position of the 


of the Cassiopeia source. Cassiopeia source. 


from upper transit of Cassiopeia for the years 1955-1958 inclusive, and Table 2 
lists the significant features of both sets of curves. It is clear from the curves that 
the scintillation amplitude varies in a systematic way with the position of the 
source and consistent values are obtained each year for the hour angles at which 
maximum and minimum amplitude occurs. BooKeER (1958) has summarized the 
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work concerning the variation of scintillations with the elevation angle at which 
the observations are made. However, the fact that here the maximum occurs at 
1100 hours demonstrates that the scintillation amplitude does not depend only on 
the elevation angle at which the observations are made, otherwise the maximum 
would be at 1200 hours and the curves would be symmetrical about that time. In 


Table 2. The annual variation of scintillations with position of the Cassiopeia source. 





Scintillation amplitude Scintillation rate 
Maximum Minimum Maximum Minimum 


Max/min rT Flucts Max/min 
Hour Hour ratio Hour Hour ratio 
per per 
angle angle angle angle 


min min 


1100 2. 0000 5-3 ‘7 ? : 0000 
1100 0000 3: 2: 1200 “ 0300 
1100 . 0000 3-6 2° 1000 “ 2100 
1100 8-3. 0000 3- 2°: 1100 “ 1900 





addition the position of the source when maximum and minimum scintillation rate 
was obtained, though not so well defined, is in reasonable agreement with the values 
obtained from the amplitude results. It will be shown later in this paper, that this 
variation of scintillation activity with source position can be readily explained in 
terms of the changing geomagnetic latitude to which the observations refer. It is 
of interest to note from the tabulated values that the solar time variation of 
scintillations is more severe than that dependent on sidereal time. 

The results which have just been presented can be used to explain the differ- 
ences in the form of the monthly mean curves described in Section 4.2. In March, 
when the Cassiopia source was at lower culmination near midnight, the solar and 
sidereal time variations were in phase giving a smoothly peaked distribution. By 
September, these variations were completely out of phase and an almost flat 
distribution resulted. From month to month, the phase relationships of the two 
time variations gradually alters so that the cyclical change from the curves obtained 
in March to those of September, and vice versa is now obvious. 


5. COMPARISON OF SCINTILLATIONS WITH SPREAD-/ ECHOES AND THE 
GEOMAGNETIC K, INDEX 


In the preliminary analysis made by Dace (1957), who compared monthly 
average distributions, correlation was found between the average daily occurrence 
of spread-F echoes and scintillations. It was apparent that there were certain 
differences between the diurnal curves, however. Not only were the spread-F 
echoes more plentiful in winter than in summer, whilst the scintillations did not 
show a seasonal dependence, but in the monthly averages, spread-F' echoes both 
commenced and finished later in the day than the scintillations. 
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With the additional data now available, the relationship between the occurrence 
of scintillations and the occurrence of spread-F echoes can be studied in a different 
way. For each month over the period considered, the average percentage occur- 
rence of spread-F echoes for all hours has been found, and has been compared with 
the mean scintillation amplitude recorded during the month. The resulting points 
for the 54 months from July 1954 to December 1958 can be seen in Fig. 8 together 
with the sunspot number variation and the monthly mean XK, index. 

It can be readily seen from the figure that during a period of over 4 years, the 
average percentage occurrence of spread-F echoes decreased from values near 60 
per cent to about 10 per cent. During this time the average scintillation amplitude 
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Fig. 8. Monthly variation of (a) spread-# occurrence, (b) scintillation amplitude, 
(c) sum K,-indices, and (d) mean sunspot number, 


increased from less than 5 per cent to about 25 per cent. It is clear that there is a 
strong negative correlation between the phenomenon of spread-¥ and scintillations 
when examined in this way. In addition, a seasonal variation becomes apparent 
in the scintillation activity as the sunspot activity increases. Two maxima in each 
year are obtained and occur in the equinoctial months. This effect must be com- 
pared with the well known seasonal variation of spread-/ echoes which shows a 
single maximum in the winter and becomes less prominent as the sunspot activity 
increases. 

The general correlation between scintillation activity, sunspot number and the 
monthly mean KX, index is obviously close. This was to be expected from the 
results obtained by previous workers, but the long term anticorrelation with the 
occurrence of spread-F' was not expected. It is proposed to use the information 
which has now been presented, in a future paper dealing with the origin and height 
of the irregularities which cause radio star scintillations. 
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6. THe Errect ON SCINTILLATIONS OF THE ANGULAR SIZE OF THE SOURCE 


In the curves showing the monthly average diurnal variation of scintillation 
amplitude for months near March in 1957 and 1958, two maxima appear with a 
secondary minimum near midnight, instead of the single maximum expected at 
this time of the year (4.4). Some sample curves are reproduced in Fig. 9. The 
Cambridge workers have observed a similar but more pronounced effect in their 
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Fig. 9. Monthly mean diurnal variations of scintillation amplitude for (a) March 1957, 
(b) March 1958, (c) April 1958. 
36 Mc/s records of Cassiopeia scintillations and Brices (private communication) 
has suggested that it is due to the relatively large angular size of the Cassiopeia 
source. 

On two occasions during each day, Cassiopeia and Cygnus are simultaneously 
at the same elevation, though at a different azimuth. For observations at these 
times, the only difference in the factors controlling the scintillation of the two 
sources is their angular size and their direction so that it might be possible in this 
way to study any effect due to the size of the source. Cassiopeia has been described 
as a disk subtending 4’, whilst the Cygnus source is believed to consist of two 
sources each subtending less than 0-5’ by about 1-0’ (JENNISON and LaTHAM, 1959). 
At 1300 hours sidereal time, both sources are at 23° elevation, with Cassiopeia at 
azimuth 13° E of N, and Cygnus 53° E of N. 

The best time in the year to attempt an experiment with the sources at the 
same elevation would be in March when the observations at 23° elevation would 
have to be made near local midnight and hence maximum scintillations conditions 
could be expected. Unfortunately the experiment was not conducted until May 
1959 so that the observations had to be made at about 2100 hours local time. It 
was found that over a period of five consecutive days during which the sources 
were observed for about 1 hr whilst near 23° elevation, the average percentage 
scintillation amplitude of the Cygnus source was 1-23 times larger than that of 
Cassiopeia. On the other hand, the average scintillation rate for Cygnus was 0-66 
of that of Cassiopeia. The only uncertainty in the interpretation of the results is 
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the effect of the difference in the azimuth of the sources at the time. The curves 
in Figs. 6 and 7 show that both scintillation amplitude and rate decreases as the 
azimuth of the source increases east of north. At the time of the simultaneous 
observation on the two sources, Cassiopeia was in a direction 13° E of N and Cygnus 
was 53° E of N, so that the Cygnus scintillations could be expected to be both 
smaller and less rapid than those of Cassiopeia. However, the observations showed 
that although the Cygnus scintillations were in fact slower, the amplitude was 
greater than that of the Cassiopeia source. 

Since the only differences between the observing conditions for the sourves at 
the time were their angular size and azimuth, it can be assumed that the relatively 
large angular size of the Cassiopeia source is sufficient to reduce the amplitude of 
the scintillations observed at low elevations, to a value below that which would 
be obtained with a smaller source. Recent information concerning radio star 
scintillation observations in Alaska (LITTLE, private communication) indicates a 
similar result in records made at 223 Mc/s. 


7. Drirt Motions INFERRED FROM SCINTILLATION RATE 


MAXWELL and Daae (1954) were able to show that the observed scintillation 
rate was closely proportional to the measured drift speed of the ionospheric irregu- 
larities. From this, it can be assumed that the scale of the irregularities does not 
alter substantially with drift speed and that determination of the scintillation rate 
gives a good measure of the drift speed. 

The annual average variation of scintillation rate with position of the source 
(Fig. 7) shows a maximum near 1100 hours from transit for both 1957 and 1958. 


(The scintillation occurrence in 1954 and 1955 was so low that the rate statistics 
are poor.) If the scintillation rate is assumed proportional to drift speed, then the 
routine scintillation records give the best available statistical information on drift 
speeds, and demonstrates that on average the maximum speed observed occurs 
at the ionospheric region intersected when Cassiopeia is 1100 hours after upper 
transit. As can be seen in Fig. 10, this corresponds to the position where the line 














Geomag. lat 





Geog. long. 


Fig. 10. Geomagnetic latitude and the intersection of lines of sight with 400 km level at 
specified hour angles. 
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of sight to the source intersects the ionosphere at the highest geomagnetic latitude. 
The same effect is found (CHtvERS, 1959) in the variation of drift speed with 
position of the Cygnus source when the drifts are measured by observing scintilla- 
tions from three spaced stations (e.g. MAXWELL and Daae, 1954). Here the 
maximum is not so well defined but occurs when the source is 1100 hours after 
transit which again corresponds closely to the highest geomagnetic latitude inter- 
sected by the sight line to the source. Reference to Fig. 10 shows that the observed 
maximum in the Cassiopeia scintillation amplitude 1100 hours after transit of the 
source (4:4) could also be explained as a function of geomagnetic latitude. 

REID (1957) working in Canada also tried to interpret the observed variation 
of scintillation rate with position of the radio source. He concluded, using the 
results from two widely separated observing sites, that there was a drift of the 
irregularities around the dip-pole because, from both sites, the maximum average 
scintillations rate occurred when the star was at the same bearing as that of the 
dip-pole. However, there appears to be an error in this work concerning the quoted 
azimuth of the dip-pole and in fact the direction in which maximum scintillation 
rate was obtained corresponds more nearly to that of the geomagnetic axis pole. 
Thus the Canadian results could be interpreted as the result of the variation of 
drift speed with geomagnetic latitude in the same way as the present results have 


been explained. 
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Abstract—A Druyvesteyn distribution is substituted for the assumed Maxwellian distribution in the 
derivation of the damping coefficient of vibrating electrons. The consequences are discussed. 


INTRODUCTION 
In BotH the Eccles—Larmor and the Appleton—Hartree equations for the refractive 
index of an ionized medium, the collision frequency »v is introduced as a parameter 
in the damping coefficient g in the differential equation of vibrating electrons. 


The expression used 
g = my (1) 


is based on the simplifying assumption that the velocity distribution follows a 
Maxwellian law, such that the number of particles, whose mean velocity lies in the 
neighbourhood of 


— iE 
PAPE {1 — exp[—ja(t — t,)]} exp (jot) 


Mo 


at time ¢ (¢, being the instant of their last collisions), is given by 


N t—t 
N =—exp { — 4) dt, 
B \ ys 
where NV, = total number of particles considered; 
7 = average time interval between collisions; 
w = angular frequency of wave; 
j=vV-1. 

In a more general context, Lors (1955) suggests that the Maxwellian law be 
replaced by a Druyvesteyn law. One reason given is that as a result of several 
investigations, the Maxwellian law is now believed to be incompatible with a 
velocity-independent mean free path, whereas the Druyvesteyn law initially postu- 
lates this independence. 

ANALYSIS 

Prescinding for the present from the hidden implications and limitations of 
this law, and with the sole view of studying the differences between the two laws 
in their relation to the Appleton—Hartree equation, a Druyvesteyn distribution is 
here postulated. Expression (2) then becomes 


(3) 
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This expression, substituted in the classical treatment, introduces a correction 
factor in the damping coefficient 


g = Km. (4) 
In general, the correction factor K is a function of w/v. It can have a real solution 
K, or an imaginary solution K,, given by 
(w/v)? 
V(m)[1 — exp (—o*/4y*)] 


and 


“ ; a! 
where 9 = ~~ ) = 
2 ) (22 + 1)! 


The infinite series 9 is convergent everywhere. By the use of Stirling’s approxi- 
mation, it can be shown that 6 may be replaced, for purposes of illustration, by 


6’ = exp (—w?/5y’?). 
DiscuUssION 


The damping coefficient is thus seen to be a function not only of the collision 
frequency but also of the wave frequency. Intuitively, this is more satisfactory. 
Moreover, this partially agrees with the findings of PrisTER (1955) using the 
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Fig. 1. The correction factors K, and K; based on a Druyvesteyn distribution 
of electron velocities. 


Huxley formula. (Note, however, that PrisTER goes one step further by including 
the gyrofrequency in his correction function). 

The values of K, and K,; are plotted in Fig. 1. The proof of (5) and (6) is 
outlined in the Appendix. 

Fig. 1 shows that when w =~ 3», the correction factor K, is unity, i.e. the 
difference between a Maxwellian and a Druyvesteyn distribution is insignificant. 
The difference becomes significant as the frequency ratio deviates from 3. When 
the collision frequency becomes very small compared to the wave frequency, the 
damping coefficient approaches zero more rapidly with a Druyvesteyn than with a 
Maxwellian distribution. 

At present it is not easy to assess the physical significance of the imaginary 
solution K;. The problem is being studied. 


66 





Damping coefficient of vibrating electrons 


APPENDIX 
The integration of the expression for the mean velocity @ resulting from 
equation (3) was performed by Brother M. Wong, 8.J., using De Moivre’s theorem, 
expanding the sine function and substituting the tabular values of the resulting 
y-functions. This method yielded 
__ Eyeexp (jot) {_, _ j00\ : 
aa ar aares io 
As is shown in Mirra (1952) the differential equation of the vibrating electrons 
leads to the expression for the mean velocity 


tu (8) 
jom +g 
Comparing (7) and (8) and solving for g, and then comparing the solutions with (1), 
expressions (5) and (6). follow. 
The convergence of 6 is seen from the fact that 
kL + 1)! (2 + 1)! | a 


li cB A 
sar i! (2i + 3)! R' 


where R = w?/v.? 
In the absence of a high-speed computer, 6 may be approximated by the 
exponential form 
6’ = exp (—aR). 
A termwise comparison between @ and the series expansion of 6’ shows that each 
a in 0’ is 


Jlavnl 


By Stirling’s approximation 


it can be deduced that 


Using this expression 


Also, when 71 = 1, a, = 4. Therefore, when 7 increases from | to oo, a; increases 
’ ? 1 6 a 
from 3 to }, ie. a; is practically constant. The average is 3. Therefore 


6’ = exp (—w?/5r?). 
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RESEARCH NOTE 





The electron density distribution derived from whistler data 
and Faraday-fading observations 


(Received 3 June 1960) 


From the analysis of 500 records of the Faraday-fading of the satellite-signals 19586,, 
models of the mean electron density distributions up to 1200 km height were computed for 
summer 1958 and winter 1958/59 by KLInKER et al. (1960) and ScumMELovsky et al. (1959). 
It would be difficult to extend these models in this way to greater heights, even using 
satellites with orbits far above these altitudes, since electrons above these heights will 
contribute only a small amount to the total number of electrons, which is what determines 
the magnitude of the Faraday-fading. The electron densities for greater heights may be 
better determined from whistler measurements (ALLCOCK, 1959), because the outer part of 
the propagation path plays a predominant part in dispersion processes. On the other hand 
only very rough electron density models can be derived from whistler data, because of the 
small amount of experimental data and the errors in the theoretical approximations. 
Therefore an attempt has been made to get a reliable electron density model by combining 
these two methods by the process of looking for an interpolation law which approximates, 
for low heights, to the results from Faraday-fading analysis, and which also describes 
approximately the measured latitude dependence of the whistler dispersions. The necessary 
whistler data were taken from ALLcocK (1959). 

According to our present knowledge the following conditions should be fulfilled by an 
interpolation law: 

(a) The electron density above the F'2-peak should decrease monotonically with height. 

(b) The decrease should everywhere be slower than exponential (GoLD, 1959). 

(c) For very great heights the electron density should approximate to a limiting value 
which may be the electron density of interplanetary space. 

With these conditions we get for the electron density NV 


N=N,(h) +N, (1a) 


aN, df 
oe . tpl 
«a Nif(h’); dh <0; f(h') > 0. 


Taking for f(h') the expression 
1 
DY le 
JO) = 70 — i] 
we get 


. h}\ —Arlho 
N(h}) = N, (1 +7) + Np. 
1 


68 





Research note 


To simplify the calculation of the dispersion (4a) 
instead of this 


jl\ —Ar/2hy 2 
wi) =[(yNo(1 +z) + v%| 
1 


was used, which is not very different from (3a) and converges to (3a) for (h1/h,) large or 
small. 
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Fig. 1. Electron density in the outer ionosphere from the interpolation law. 


With h,/2h,) = n it may be written 


N(h) = livva( } + Fie) + 4/1 Ay (3c) 


Using the same approximations as ALLCOCK (1959) i.e. propagation only along the 
magnetic lines of force and spherical symmetry of the electron density, we get for the 


dispersion. 
e\12 N 
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Inserting the expressions for ds; H(qg) and the electron density (3c) we get 


o\1/2 es i 3, \ 1/4 y \ -1/2 
D(g) = (5] (2M) a | r3(1 = ir, cos” Po) (1 — = cos? vo) x 


ro 


a n Cry f 3r \1/4/ r \ —1/2 
x (4 No) wee d “2) dr 4 | (4/N,)r3 (1 aoe cos? v0) (1 a cos? vo) ar| 
0 0 


2nho 


© 'o \ 

where VM = magnetic moment of the centered dipole, 7) and , are the spherical coordinates 
of the observation point, and 7, = maximum height of the path measured from the centre 
of the earth. 
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Fig. 2. Comparison between the interpolation law and the results of the Faraday-fading. 


- 3r 

The term { 1— i, 
by its mean value, the second integral can be evaluated, as can the first integral if n is an 
integer. 

We next proceed as follows. First by a graphical comparison, hy and Ny were chosen 
for various fixed values of n, looking for the best approximation to the results of the 
Faraday-fading. With these values the first integral of (4b) was calculated for various 
values of n, as a function of latitude. When this function is developed into Legendre 
polynominals between + 20° and +60° geomagnetic latitude, the mean value and the mean 
variation of dispersion with latitude within this interval are obtained as a function of n. 
The second integral is treated in the same way. Finally n and 1/N, are chosen so that the 
mean value and the mean variation of the dispersion given by (4b) agree with the values 
derived from the experimental data. 

We get n= 1-2; hj =210km; Ny= 0-4 x 106 cm-%; N, = 370 cm~%. The electron density 
distribution calculated by (3c) with these values is shown in Fig. 1. In the calculation ry 
was put equal to R + 400 km (R = radius of the earth) so that the integration started at 
the F2-peak. The variable h1 (but not h in Figs. 1 and 2) in (3a) to (3c) starts from this 


\ 1/4 
— cos? | depends for a fixed gy only weakly on r. If it is replaced 
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height. Accordingly the latitude gy, was converted to ,!, ~o! being the latitude at which the 
line of force from R + 400 km at gy intersects the surface of the earth. The influence of the 
lower ionosphere was estimated approximately. Fig. 2 shows a comparison between the 
interpolation law and the results of the Faraday-fading. In the figure, I is the mean 
winter electron density derived from the Faraday-fading, II is an approximation for the 
night time electron density derived from I and the f, F2 data, having regard to our knowledge 
about the variation of the integral electron number derived from Faraday-fading analysis, 


III is the interpolation law. 

K. H. SCHMELOVSKY 
Observatorium fiir Ionosphirenforschung 
Kiihlungsborn 
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Abstract—Eclipse effects on the F-layer at sunrise observed on 1 September 1951 at Derwood, Maryland, 
U.S.A. are studied with some detail. The h’(f) curves taken during the eclipse period and on control 
days were analysed for N(h) and N(t) curves at a series of heights. The eclipse variation of N computed 
from the control day data does not coincide with the observed variation. However, if the assumption 
is made that the electron production rates on the eclipse day were about 30 per cent higher than those 
on the succeeding control day the agreement between the observed and computed eclipse variations of 
N is improved. Further, if it is assumed that at the time of totality 30 per cent of the radiation was 
unobscured, in other words if the 30 per cent of the radiation originates in a region beyond the visible 
solar disc, then the agreement between the observed and computed eclipse variations is excellent. Some 
solar data in favour of both these assumptions is given and its validity in the light of several other known 
eclipses is discussed. 


1. INTRODUCTION 


OBSERVATIONS of the eclipse of 1 September 1951 were made at Derwood, Mary- 
land, U.S.A. by Dr. H. W. Wells of the Department of Terrestrial Magnetism, 
Washington who published details of the eclipse characteristics and made some 
deductions from the observed critical frequency variation (WELLS, 1952). 

The actual h’(f) records obtained at Derwood and at two other stations nearby 
were made available by Dr. Wells, but since the critical frequency data indicated 
that the eclipse effect on the F-layer at the three stations was similar, it was 
decided that the analysis of records taken at any one of the three stations should 
be sufficient. 

Here the h’(f) records taken at 5 min intervals at Derwood are analysed using 
the method developed by SuHrnn (1955) to reduce the h’(f) curves into V(h) curves 
allowing for the earth’s magnetic field appropriate to the station. 

The geographic location of the station and the eclipse circumstances are as 
follows: 

Table 1. 





G.S.R. Greatest phase End of 
conditions at surface eclipse 
Station 


Oo 
oO a /O 


eclipsed ’.M.T. eclipsed 


Derwood | 39-1°N 2°W 5s 54 
(Maryland) 





Monthly average relative Zurich sunspot number: 
August 1941 60 
September 1941 80 
The obscuration function computed for Charlottesville (WELLS, Fig. 2A) is also 


used for Derwood. 
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The effect of the solar eclipse on the F-layer at sunrise is of particular interest. 
The continuity equation for electrons at a given level is 


dN 


— —— k N . 1 
dt q , (1) 


At sunrise, g and dN /dt are the predominant terms in this equation, k, and N 
both being small, so there should be an appreciable eclipse effect on the F-layer 
due to the large change in g. The critical frequency data has in fact shown that 
there is a marked effect. 

The other interesting feature of this eclipse is that the critical frequency on the 
eclipse day is much higher than on the control day. Furthermore this annular 
eclipse, as is remarked by WELLS, is especially favourable for a test of the effec- 
tiveness of ionizing radiation emanating outside the visible disc of the sun. 

There are only two days of control data, one on 31 August and the other on 
2 September 1951. Figs. la and 1b show N(t) curves at 10 km intervals on the 
eclipse and control days. The increase in N at higher levels is fairly smooth and 
dN/dt can be computed with little uncertainty. At lower levels, 230-250 km, the 
fluctuations in NV are rather large. 

Before studying the results of eclipse effects in detail it is interesting to check 
some of the conclusions made in connexion with the Cambridge sunrise observa- 
tions (Sperry, 1956). 

2. THE SUNRISE PHENOMENON 

One of the anomalies observed with the Cambridge critical frequency data 
near sunrise was “‘the seasonal sunrise anomaly,’ when the critical frequency 
was found to increase near ground sunrise in summer but about 40 min to 1 hr 
before ground sunrise in winter and equinoxes. The Derwood data on control and 
eclipse days, Fig. 2, shows that the critical frequency began to increase at 7 = 96° 
which is in agreement with the Cambridge result. The N(¢) curves also indicate 
that .V began to increase before ground sunrise. 


3. THe ELectTRoN Propvuction Rates 
The electron production rates, g, are calculated by the use of the continuity 
equation (1). As the loss-coefficient, £,, is believed to depend on the solar-epoch 
the loss-coefficients appropriate to this case are not known, therefore two models 
based on the Cambridge results are used (RATCLIFFE et al., 1956). 
h— ~“ 
30 


Model I: k, = 1 x 10-4 exp — 


: ~ hk — 300 
Model II: k, = 1 x 10-4 exp —_— | 
" 2) 
Figs. 3a and 3b show q(t) plots at 280 km computed by assuming k, to be 
1-9 « 10-4 and 1-5 x 10-4 corresponding to models I and II respectively. There 
is little change in the shape of the two curves. q on model I reaches a steady 
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Fig. la. N(t) curves at a series of heights on the eclipse day 1 September 1951. 
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Fig. 1b. N(¢) curves at a series of heights on the control day 2 September 1951. 
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2. Plots of f,/'-t on the eclipse and control days. Station: Derwood, 39-1° N. 
(a) 31 August 1951. (b) 1 September 1951. (c) 2 September 1951. 
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Fig. 3. The variation of q at 280 km height on the control day, the observed and computed 

eclipse day. O—O Eclipse day. @—@ Control day. —— Computed eclipse day. —-—-—-— 

M de — Qe. (a) Assumed K,-model: Hg = 40 km; K,(300) = 10-*. (b) Assumed 
K,-model: H, = 30km; K,(300) = 10~*. 
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value which is 20 per cent higher than the corresponding q calculated on model IT. 
Bearing this in mind only model I is used for further calculations. 


4. Expectep Ecuiesé Errect oN THE TIME VARIATION OF 7 FROM THE 
Controt Data 

Let ¢, be the production rate at a given height at any instant on the control 
day and let qg, be the corresponding quantity on the eclipse day. Assuming that 
the ionizing radiation arises uniformly over the visible solar dise ¢, is proportional 
to the unobscured fraction of the solar disc. Then if f(#) is the obscuration function 
we have the relation 

Ico = Il (t) 
where f(t) is the area unobscured. 

Using the computed f(t) (WELLS’ Fig. 2A), the expected q, from the control 
day data of 2 September is calculated and shown in Figs. 3a and 3b. 

Figs. 3a and 3b also show q plotted against time on the control day and the 
eclipse day. It is immediately apparent from this figure that although the expected 
and observed variations of qg, are similar, the entire curve on the eclipse day is 
shifted by a constant factor above the computed eclipse curve. This leads us to 
believe that the production rate itself must have been higher by a factor of 1-3 on 
the eclipse day compared with the succeeding control day value. Vertical move- 
ment as a possible source of the increased value of ¢ immediately after the eclipse 
was considered to be very unlikely. The control day records on the preceding 
day, 31 August 1951, were, unfortunately, not available after 0800 hours, but the 
computed eclipse variation of NV using August 31 as the control day at 270 and 
260 km agreed with the observed variation of NV during the eclipse. This supports 
the suggestion made that on the eclipse day and the preceding day the sun must 
have been quite active and returned to normal on 2 September 1951. If this were 
correct, the FJ critical frequency must be higher on days of high solar activity as 
it is believed that f,(#) varies regularly with solar activity. It was in fact noticed 
that the critical frequencies of the FJ-layer on 1 September were higher than the 
corresponding values on 2 September by about 0-3 Mc/s. This leads to a value of 
dy Which is 1-3 times bigger on the eclipse day than on 2 September. This would 
therefore explain the fact that the production rate at sunrise was enhanced by the 
same factor. Figs. 4a and 4b show the observed variation of g at 270 km on the 
eclipse day and the control day, and the computed variation on the eclipse day, 
the latter two being multiplied by a factor of 1-4. Although there is a good fit 
between the observed and computed eclipse curves, except for a bump at 0600 
hours on the eclipse curve, g, on the observed eclipse curve at the time of totality 
is much higher than the expected value. This seems to suggest that there must 
have been an additional source of ionization. This could either be due to another 
source of ionizing radiation lying beyond the visible disc (e.g. in the corona) 
and therefore uncovered during the eclipse or it could be only an apparent addit- 
ional ionizing source due to vertical. movements. To decide between these two 
possibilities the following procedure was adopted: the observed values of q, on the 
eclipse day and qg, on the succeeding control day were considered. A constant 
factor was subtracted from the actual values of g, on the eclipse day so that at the 
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Fig. 4a. Computed eclipse variation of g from the control variation with the intensity of the 
ionizing radiation enhanced by a factor 1-4. 270 km height. K, = 4-4 x 1074. OO 
1 September 1951. @—@ 2 September 1951 (Factor 1-4 is allowed). —-—-Computed eclipse 
from 2 September 1951. --—-—- M. 


Fig. 4b. Computed eclipse variation of g from the control day with the intensity of the 
ionizing radiation enhanced by a factor 1-4. 280 km height. @—@ 2 September 1951. 


9—O Observed eclipse. — —Computed eclipse. -—-—-— M 








Time, hr 


Fig. 5. Computed eclipse variation of g at a series of heights allowing for the radiation 
height from outside the visible solar disc. (a) 260 km height. (b) 270 km height. (c) 


280 km height. x—x Observed eclips>. +—-+ Eclipse computed from 31 August 1951. 


— —Eclipse computed from 2 September 1951. 
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time of totality the actual values of g, and that computed from the succeeding 
control day were the same. Thus at 270 km height ¢, observed and computed 
were made each equal to 7 at 0600 hours. The actual observed value of qg, on 
2 September 1951 at 0600 hours is 44, and the steady value of ¢, on 2 September 
1951 is 100. It is therefore necessary to assume that the extra radiation coming 
from outside the visible disc on the eclipse day should be about 30 per cent of the 
entire radiation coming from the visible disc. This is the same as the earlier 
conclusion that q, on the eclipse day is greater by a factor of 1-3 compared with q, 
on 2 September. In addition to this it has to be assumed that the extra radiation 
comes from outside the visible disc so that it is uncovered during the time of totality. 
When this assumption is made it is seen from Fig. 5 that the agreement between 
the observed and computed curves is very much improved. The computed 
eclipse variation of N from data for 31 August, reduced by a factor of 1-3 is also 
shown in the same figure. This curve fits closely with the observed eclipse curves 
and the other computed curve of 2 September 1951. It may therefore be concluded 
that the sun was active on 31 August and 1 September and had returned to normal 
condition on 2 September. Also it is necessary to conclude that the extra radiation 
due to the enhanced activity came from outside the visible disc. 


5. SOLAR Data In FAVOUR OF THE CONCLUSIONS OF THE 
PRECEDING SECTION 
Evidence in favour of the conclusions arrived at in the last section was sought 
from the published solar data in the Quarterly Bulletin on Solar Activity published 
in Zurich. It was found that there was no significant difference in coronal line 
intensity on the eclipse day and the preceding control day, compared with the 


day following the eclipse. There was no significant difference in total intensity on 
these days. However, the dates 31 August and 1 September 1951 were in fact 
mentioned amongst the days when solar eruptions were observed, and 2 September 
1951 was not mentioned. The following are the characteristics of the eruptions 
observed on 31 August and 1 September 1951. 


Table 2. 





Coordinates 
Time of Estimated Equivalent 
Date observation Distance from importance width of 
(UE) central meridian (max. 3) H,, max. 
(*E) 


31.vili. 1951 0923 77 
31.viii.1951 0848 1] 70 
1.ix.1951 — 10 66 





Remarks against 1 September 1951: A few brights spots. 
31 August 1951: Eruptions accompanied by large and fast radial filaments. 


The latter remark is of particular significance. There is a suggestion of not 
only enhanced activity on 31 August and | September 1951 but also the possibility 
of the ionizing radiation having originated from outside the visible dise of the sun. 


79 





C. S. G. K. Srerry 


It may be concluded, therefore, that the enhanced production of ionization on 
the eclipse day is due to the extra ionizing radiation caused by enhanced activity 
on the sun. This conclusion has two important consequences. The day-to-day 
fluctuations in the critical frequency of the F-layers may be caused by fluctuations 
in the ionizing radiation of the sun. Solar flares which are accompanied by the 
enhancement of H, radiation may have an effect on the F-layer critical frequen- 
cies. The other important effect would be on the deductions made from the eclipse 
effects on the FJ-layer. In deducing the recombination coefficient the assumption 
is made that the production rate is reduced to zero at the time of totality. Such 
an assumption may be wrong if the radiation comes from outside the visible disc. 
While summarizing the eclipse effects on the H- and FJ-layers observed by 
various workers in the past, RATCLIFFE (1955) came to the conclusion that about 
15 per cent of the radiation should come from outside the visible disc. The con- 
clusions reached here from the eclipse effect at sunrise in the F-region observed at 


Derwood supports this suggestion. 


6. CONCLUSIONS 

The main conclusions reached from the analysis of the eclipse are summarized 
below. 

(i) To account for enhanced ionization on the eclipse day and the preceding 
day it is necessary to assume that there was extra ionizing radiation on these 
days of about 30 per cent of the total radiation arising from the entire solar disc 
as observed on 2 September. It is also necessary to assume that this additional 
source should be beyond the visible disc of the sun. There is solar data which 
favours both these conclusions. 

(ii) The ionization in the /J- and F2-layers go together. A small increase of 
0-3 Me/s in fy(# J) is equivalent to a comparatively big change of 1 Mc/s in f,(F'2). 
This is expected as the loss-coefficient in the FJ-layer is believed to be bigger than 
that in the F2-layer. 

(iii) The day-to-day fluctuations in f,(# 1) and f,(/'2) may therefore be associ- 
ated closely with the fluctuations of the solar radiation producing the ionization. 
This variable part of the radiation is likely to originate in the corona, but the 
intensity of coronal lines may not be a very good indication of the correlation 
between the two phenomena. 

(iv) The foregoing conclusions support the suggestion by RATCLIFFE (1955) 
that the recombination coefficients of E- and FJ-layers deduced from the eclipse 
results need reconsideration. 
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Abstract—Observations made at frequent intervals with a panoramic ionosphere recorder at Cambridge 
during the sunspot minimum years 1954 and 1955 shows that the splitting of the F-layer into FJ and 
F2 occurs at the time of ground sunrise. The /'J-layer is usually present throughout the year except 
in the winter. The height at which the FJ-layer maximum occurs remains constant for at least 2 hr 
after it first appears with the sunrise. Also it seems to vary with the season, being the highest in summer 
and the lowest in winter. The #-layer under storm condition on 25 February 1956, following the great 
cosmic ray burst that was observed on 23 February, developed a subsidiary maximum which under 
normal conditions would be identified as the FJ-layer. No such substratification was noticed on the 
subsequent days. 

Under quasi-equilibrium conditions, which occur during the midday, it can be shown from the 
simple Chapman theory of layer formation, with an attachment-like law for the loss-process, that there 
should be no maximum of ionization under certain conditions of the atmospheric scale-heights. However 
a numerical solution of the continuity equation for electrons shows that a maximum of ionizaion does 
occur at sunrise when the equilibrium condition is not yet reached. 


1. INTRODUCTION 


THE ionospheric F-layer, unlike the #-layer, exhibits a more complicated be- 
haviour. One of its chief characteristics is the existence of a subsidiary maximum 
of ionization during day times. Under normal conditions the region beneath the 


subsidiary maximum is called the /J-layer and the region above it is called the 


F2-layer. The F1-layer first appears in the morning and its critical frequency f,( FJ) 
increases with time according to a simple cosine law. Its behaviour may be said 
to correspond, to a first approximation, to that of asimpleChapman layer. However, 
under stormy conditions the normal unbifurcated F-layer, which prevails even 
during day times in winter, especially in sunspot minimum years, shows the 
phenomenon of bifurcation. This paper gives some results of experimental 
studies on the growth of the FJ-layer under normal conditions and some 
observations on the bifurcation of the F-layer under stormy conditions. An 
empirical model of a layer based on the Chapman theory of layer formation with 
an attachment-like law for the loss-process is discussed. 


2. COLLECTION OF DATA AND ANALYSIS 


The h’(f) records were made at frequent intervals with a panoramic iono- 
sphere recorder at Cambridge. The recorder was of a standard design based on 
the principle of the common oscillator technique developed originally by SuLzER 
(1949) and Lrypaquist (1949). Photographs of the h’(f) traces were taken on 16 mm 
film as frequently as one per minute by means of an automatic camera. 

Some of the observed h’(f) curves were reduced to N(h) profiles using the 
intergration method, first developed by KeEtso (1952) and later modified by 
D. H. SHINN (personal communication) to include the effect of the earth’s magnetic 
field. 
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3.1. Observation of bifurcation under quiet conditions 


The h’(f) data used here were made during the years 1954 and 1955. These 
years were especially suited for the observations under quiet conditions as the 
solar activity was at its lowest. 

The most frequently observed type of bifurcation of the daytime F-layer 
after it begins to grow at sunrise is shown in Fig. 1. About an hour before sunrise 
at the ground the layer begins to grow and at the same time descends in height. 
Close to the time of ground sunrise when the layer has reached a certain height, 
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Fig. 1. Seasonal variation of h (F1) at sunrise. N(h) profiles. (a) 13 February 1955. 
(b) 3 April 1955. (c) 2 May 1955. 





a lower “‘shelf’” begins to form which is the normal FI-layer. The height at 
which the point of inflection occurs appears to decrease from summer to winter, 
the most common height in summer is 260 km and that in winter (February) is 
220 km. 

Fig. 2 shows a plot of the time when bifurcation appears first. Sometimes it 
was possible to estimate this time only within 10-20 min. The arrows indicate 
when there was no bifurcation and when there was bifurcation clearly. The 
continuous line in Fig. 2 is the time of sunrise at the ground. It is seen that 
bifurcation occurs very close to sunrise at the ground in the summer and equinox 
but in December it does not appear until about an hour and a half after ground 


sunrise. 


3.2. Observations of bifurcation under storm conditions 
On the 25 February 1956 an ionospheric storm was observed, following the 


great cosmic ray burst that was observed on the 23 February 1956. In addition 
to the great drop in the critical frequency of the F-layer which is usually observed 
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Fig. 3. Bifurcation under stormy conditions. (a) Ionospheric storm, 25 February 1956. 
(b) A quiet morning, 1 March 1956 


at high-latitude stations under stormy conditions, a subsidiary ionization maxi- 
mum, which in the summer and equinoxes is identified as the Fl-layer, was 
noticed (Fig. 3a). This subsidiary stratification observed on 25 February 1956, 
however, differed from the normal FJ1-layer as far as the solar control was con- 
cerned. The critical frequency of this subsidiary maximum did not show any 
dependence on the cos" 7 law. 
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Under normal conditions, such as those prevailing on the subsequent days 
28 and 29 February, the so-called FJ-layer appeared only as a small inflection 
near the low frequency end of the observed h’(f) curve (Fig. 3b). The subsidiary 
maximum accentuated by an ionospheric storm is similar to that observed during 
solar eclipses. 


3.3. Discussion on bifurcation observed under storm conditions 

A possible mechanism which gives rise to a subsidiary maximum, which when 
observed as an eclipse effect is called the /'1}-layer, is put forward by RaTcLirrEe 
(1956). A similar mechanism may be invoked to explain the appearence of the 
subsidiary mechanism in ionospheric storms, but it is necessary to postulate a 
cause of the disappearence of the electrons. It has been suggested (SEATON, 1956) 
that an increase in the loss-coefficient may be caused by a storm; enhanced 
turbulence due to a storm is supposed to produce a high rate of transfer of molec- 
ular oxygen underneath the F2-layer which disturbs the equilibrium distribution 
of molecular oxygen under quiet conditions. The increased supply of oxygen 
molecules will also produce an increased loss-rate due to the charge transfer 
reaction. If this is acceptable as a possible mechanism of the storm effects in the 
F2-layer at high-latitude stations then it would be necessary to explain the 
storm effects near the equator in a different way, as the critical frequency increases 
under the effect of the storm. In a recent paper (SHERIFF, 1956) it has been 
reported that the F2-layer at Ahmedabad (Lat. 23°N) remains unaffected by the 
storm. In view of this latitude dependence of the storm effects on the /2-layer a 
worldwide investigation is necessary for an unique explanation applicable to all 
the stations. 


4. Formation of the F2-layer maximum under non-equilibrium conditions—the growth 
of a model layer 


The continuity equation for electrons at a given height is given as: 
dN (t)/dt = q(t) — kN(t) (1) 


where N is the electron number density, 
q is the electron production rate per cm?, 
and k is the attachment-like coefficient. 
By the Chapman theory q is given as follows: 


h —h / h—-hy 
q = % eXP E a! — exp (— =) Ch | 


and k, the loss-coefficient is assumed to obey an exponential law given by: 


h—h 
k = k, exp (- ss >) (3) 
k / 


The symbol H, stands for the scale-height of the ionized constituent of the 
atmosphere. H, determines the rate at which the loss-coefficient decreases with 
height. Other symbols have the standard meaning. 
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Under the quasi-equilibrium condition, when dN/dt can be neglected, it can 
be easily shown, analytically, that no maximum of the layer occurs when /H, is 
less than H,. In the morning, when the equilibrium condition has not yet been 
reached, dN/dt can not be neglected and so it is necessary to solve (1) by a 
numerical method. 





























Fig. 4. Computed N(h) profiles. Model:, Equinox. H,; = 45 km, qd) = 400 cm®/sec, 
hy = 180 km. H, = 30 km. 


The numerical solution of (1) is simplified due to the fact that the electron-loss 
process obeys a linear law. It can be written as 


d 
— (Ne*it) — ehit 
7H | ent) = en'g 


or d(Ne*") = e*"'g dt. 
Integrating (4) between limits ¢t, and fg, 


to 
N,e*1"2 ea Nyeht -| ge** dt. 
4 


Putting N, = N, + 6N, 
N,(e*" — ef) + 6Nem" = | “ce at (5) 
hy 
Equation (5) was solved for an assumed model applicable to the equinox 
conditions. The initial values of NV before sunrise was taken to be zero, and 10 
min intervals were chosen. The integration was done for 2 hr after sunrise. 
The model assumed is as follows: 


dy = 400 cm3/sec, 
= 45 km, 
= 1 x 10-* exp {— (h — 300)/30} cm/sec for h > 250 km, 
= 7-4 x 10-4 cm?/sec for h < 250 km, 
= 180 km. 
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The model applies to the equinox conditions. Fig. 4 shows the computed NV(h) 
profiles. The maximum of N at 240 km arises from the assumption that k, is 
constant below this level. There is a broad second maximum at 280 km where, 
as under equilibrium conditions, a maximum is not expected. 


5, CONCLUSION 

Observations at sunrise under quiet conditions shows that the unbifurcated 
night time F-layer begins to develop a lower “‘shelf,”’ called the F'J-layer, at the 
time of ground sunrise throughout the year, except in December when the F1- 
layer does not usually occur. The height at which the inflection, the so-called 
peak of the FJ-layer, in the N(h) profile occurs remains constant as the layer 
grows with time and seems to be higher in summer than in winter. 

On the 25 February 1956 when there was an ionospheric storm in progress the 
F-layer showed a subsidiary ionization maximum. On the subsequent days 
when the conditions were restored to normal there was no subsidiary maximum, 
a condition which is common in winter especially in sunspot minimum years. 
This unusual substratification, however, differed from the normal FJ-layer in 
its variation of the critical frequency with the solar zenith distance. A mechanism 
similar to the one invoked to explain the so-called /'13-layer observed during solar 
eclipses does not explain the phenomenon observed during the storm. The storm 
effects are reported to be quite opposite near the equator where the critical fre- 
quency of the F-layer increases during a storm. 

An empirical model of the F-layer at sunrise obtained by solving the con- 
tinuity equation for electrons numerically shows that a broad maximum of 
ionization occurs under the condition H, > H,, although it is not expected under 


equilibrium conditions. A subsidiary maximum usually identified as the FJ- 
layer occurs at the level where the loss-coefficient is assumed to change from 
one of attachment-type to one of recombination-type. 
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Abstract—Frequent observations made on the F-layer with a panoramic ionosphere recorder and a 
detailed analysis of the observations, using D. H. SuHinn’s method to reduce the observed h’(f) curves 
to N(h) and N(t) curves at a series of heights, has shown the existence of a pre-sunrise increase of ioni- 
zation which can be attributed to the presence of negative ions in the F-layer at night. Most favourable 
days for such observations are in the months of May and July when there is a big interval between the 
times of sunrise at the layer and that when the main photo-ionization process becomes effective. If the 
assumption is made that the electrons are released from the negative ions formed at night by the visible 
radiation from the sun then the calculated rate of production of electrons, from the observed N(t) curves 
yields a value for the coefficient of detachment / for atomic oxygen which is in excellent agreement with 
the theoretical value given by D. R. Barres and H. 8. W. Massey. A small delay in the time of reversal 
of the observed V(t) curve and the layer sunrise allows an estimation of the height of the ‘‘screening’’ 
layer to be made. The estimated value agrees well with those reported earlier for the lower ionospheric 
layers. 


1. INTRODUCTION 


THE presence of negative ions in the F-region has been mainly a subject of 
theoretical investigation. The study of the variation of critical frequency at night 
does not enable us to tackle the problem experimentally. Also, the routine 
observations at hourly intervals do not help us to see if there is any pre-sunrise 


effect on the ionization at F-region heights. From h’(f) records taken at more 
frequent intervals, however, a study may be made of the variation of NV at a given 
level to see if there is any pre-sunrise phenomenon. A particular period of the 
year, in May and July, is favourable for this study. Fig. la shows plots of times of 
ground sunrise, at y = 96° (when the main increase in ionization begins), at 
y = 102°, and the layer sunrise at 320 km. There is an interval of about two hours 
between layer sunrise and the time when the solar zenith angle 7 = 102° during the 
period mentioned. We may chose 7 = 102° as an arbitrary limit of the main 
electron production process due to photo-ionization by the solar ultra-violet 
radiation, as given by the Chapman theory, for the following reason. The greatest 
angle at which the solar radiation can reach a particular height is given by 
Ym = 90 + €,, where «,, is given by the expression, 


m nm 


where a is the radius of the earth. 

This expression leads to 7,, = 108° for h = 320 km. The Chapman function 
f(x, ~) with x = 150, appropriate to a scale-height of 45 km increases rather fast 
for values of y > 90°. Fig. 2 shows the ratio of peak production rate q,, at a given 7 
to q, the peak production rate at 7 = 0 (which is equal to the reciprocal of the 
Chapman function), plotted against 7. It is seen from Fig. 2 that at 7 = 102°, 
Ym/Yo has dropped to a value as low as 0-001. With q, = 400, appropriate to the 
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Fig. 1. (a) Plots showing the times of (i) ground sunrise, (ii) 7 = 96°, (ili) 7 = 102° and 
(iv) layer sunrise at 320 km height. (b) Time of the beginning of ionization before 
ground sunrise. (i) gj = 400 cm/sec; x = 150. (2) dy = 800 cm/sec; x = 200. 
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2. Ratio q»/¢o plotted against y. 





year 1954, q,, = 0:4. Therefore y = 102° may be taken to be a limit of 7 for the 
production of electrons due to photo-ionization. Any increase in the ionization 
between the time of layer sunrise and y = 102° cannot be attributed to the photo- 
ionization process. 

Two alternative possibilities exist by which the pre-sunrise increase of 
ionization might occur. One of them is the vertical drift of ionization caused by a 
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sudden reversal of the electrodynamic forces. The other possibility is the release 
of electrons from negative ions, formed at night, by the solar visible radiation. 
The relative merits of the two explanations is discussed with reference to the 
observed facts. 

2. MeTHOD OF OBSERVATION AND ANALYSIS 


A panoramic ionosphere recorder was used to make h’(f) records at Cambridge 
frequent intervals. The data of h’(f) curves were reduced to N(h) and N(t) 
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N(t) curves at a series of heights showing the pre-sunrise phenomenon. (a) 1 August 


Fig. 3. 
1954. (b) 9 September 1955. 


curves at a series of heights of 10 km interval by the method first suggested by 
Kextso (1952) and later modified by D. H. Suryn (Personal communication) to 
include the effect of the earth’s magnetic field. Only such days when there was no 
ionospheric storm or no spreading of the h’(f) curves were chosen for a detailed 
analysis. Also, days especially in the months of May and July were of interest for 
this problem. As a result of this severe selection it was found that out of records 
taken on many days only those taken on two particular days, one in August 1954 
and another in September 1955, were suitable for this analysis. 


3. RESULTS AND DiscussION 
Fig. 3 shows N(t) curves at a series of heights deduced from the h’(f) records 
taken on | August 1954 and 9 September 1955. Vertical lines indicate the times 
of layer sunrise, the times corresponding to ¥ = 102° and y = 96° and ground 
sunrise. It is seen that the N(t) curves at 340, 330 and 320 km height on 9 
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September 1955 and those at 320, 310 and 300 km height on 1 August 1954 begin 
to turn well before the time when 7 = 102°, and just after sunrise at the layer. 
The turning point appears at two different times on these two nights. There is a 
suggestion of increasing lag in the time of reversal with decreasing height on both 
these days. 

The increase in ionization is very unlikely to be caused by the electrodynamic 
forces producing the vertical drifts for the following reasons: 

(a) The time of reversal is different on the two given days. If the increase in NV 
were due to a change in the direction of the vertical drift then the time of this 
reversal should be different in different seasons. The existing theories do not 
indicate such a dependence on season of the vertical drift velocities. 

(b) A gradual increase occurs in the lag between the time of increase in N and the 
layer sunrise with decreasing height. This would require a gradient in the vertical 
drift velocity. Once again, the theories do not predict any gradient in the vertical 
drift velocity at this latitude. 

(c) The change in the gradient of the N(¢) curve 


eg oad 
\ dt ), ibs 24) 
just before and after the reversal, is of the order of 10 per cm3/sec. If the maximum 
vertical velocity is taken as 1000 cm/sec, consistent with the theory, it can be 
shown that the change in the movement cannot cause a change in the gradient of 
the V(t) curve greater than 2 per cm3/sec. Therefore to produce the observed change 
in N the maximum vertical drift velocity should be about five times bigger. 
Thus we may conclude that the observed increase in N is caused by some other 
agency. The other possibility is the existence of negative ions. The possibility of 
electrons attaching themselves to neutral oxygen atoms and molecules has been 
investigated by Barres and Massgy (1946, 1947). This process is found to be quite 
rapid, but collisional detachment may be equally efficient, so that equilibrium 
conditions may be set up between these two reverse reactions. They have also 
shown that the energy required to release an electron from the negative ion is small. 
The radiation from the sun in the long wavelength region is able to supply enough 
energy for the release of electrons from the negative ions. 


4.1. An estimation of the number density of negative ions 
By attributing the small increase in ionization just after layer sunrise to the 
electrons released from the negative ions by solar radiation in the long wavelength 
region, which is not absorbed by the atmosphere through which the grazing 
radiation has to pass, we may estimate the ratio of the negative ions to the electrons 
usually denoted by 4, in the following way. Let us consider times ¢, and f,, before 
and after the observed increase in V, such that V, = N, and q, = 0 then we have 
dN’ dN 
Gp: f= aon ee . 
\dt /2 dt /1 
Assuming that electrons are released at a constant rate q, up to the time when 
y = 96°, an upper limit of the total number of electrons released may be obtained. 
V4 , PI 3 
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The total number of electrons released must be equal to the total number of 
negative ions present just before layer sunrise. Let the total number of negative 
ions thus obtained be denoted by n— and the density of electrons at the turning 
point be .V,,;,. Therefore the ratio of negative ions to the electrons may be 
obtained from the expression 

ne 


N 


2 thus obtained from 1 August 1954 at 320 km is 0-7 and from the 9 September 
1955 at 340 km is 0-9. These values are of course only upper limits. These results 


4 


min 


indicate that 4 is approximately unity. 


4.2. The formation of negative ions 

Spectral investigations have shown that only certain gases, atomic and 
molecular oxygen among them, can form stable negative ions. Molecular and 
atomic nitrogen do not form negative ions. The electron affinities of atomic and 
molecular oxygen are generally taken to be 2-2 and 1 eV respectively. The rate of 
attachment of electrons to the neutral oxygen atoms and molecules is estimated 
(MassEy, 1950) to be quite high, but during the daytime the rate of photo- 
detachment is even faster at, and above, 120 km. Therefore during the daytime 
2 is supposed to be less than 10-3 at these heights. At night the photo-detachment 
process is absent and therefore one might expect more negative ions to be formed. 


4.3 The coefficient of detachment 

The rate of production of electrons from negative ions, J, is given by the 
expression 
I =n_yB (1) 
where n_ is the number of negative ions per cm’, 

B is the coefficient of detachment, 

andy is the flux of solar radiation, which is 1014 and 9 x 1014 for oxygen atoms 
and molecules with electron affinities of 2-2 eV and 1 eV respectively (see Mirra, 


1952). 
From the observed N(t) curves it was deduced that 
I = 10 per cm3/sec. 


n. = 0-5 x 16° per cm 


Therefore it follows that 
10-18 for atomic oxygen 


and ; 2 x 10-19 for molecular oxygen. 


The theoretical value of 6 for atomic oxygen is 2 x 107-18 (K. WEEKES, 
personal communication) and therefore there is excellent agreement with the 
experimental value deduced here. This agreement encourages one to believe that 
the observed increase in ionization near layer sunrise is caused by the release of 
electrons from the negative ions by solar radiation in the visible spectrum. As the 
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electron affinity of the oxygen atoms and molecules is small (1—2-2 eV), the 
radiation can reach the F-region heights without being absorbed by the atmosphere 
through which it has to pass at larger solar zenith angles than we are concerned 
with here. Radiation with energy greater than 5 eV is absorbed by dissociation 
and ionization processes of the atmospheric constituents in that part of the 
atmosphere through which it passes before it reaches the heights concerned and 
may not therefore reach those heights until 7 is reduced to a smaller value. 

Brown and Perrie (1954) working on 16 ke/s oblique incidence propagation 
over distances of 500-900 km found similar pre-sunrise effect on the lower iono- 
spheric layers. They show that the observed phenomenon could be explained only 
by the process of electron release from negative ions by the solar radiation in the 
visible spectral range. Also they show that when the phenomenon occurs the solar 
rays incident on the. 95 km level (night-time reflection level) are tangential to the 
surface of a spherical shell concentric with the earth and 35 km above it. Thus 
they conclude that the presence of negative ions account for the observed pre- 
sunrise phenomenon. 


4.4 The height of the screening layer 

It was pointed out earlier that there is a delay between the time of reversal of 
the observed N(t) curve and the layer sunrise. Assuming that this delay is caused 
by a “‘screening” layer an estimate may be made of the height of this layer from 
simple geometrical considerations. The height h of the screening layer for a 
spherical earth is given by the expression 


h=(a+H)siny —a 


where a is the radius of the earth, 
H is the height where the effect is observed, 
and is the solar zenith angle. 
y at the time when the ionization begins to increase is calculated from the 
relation 
cos y = sin ¢ sind + cos ¢ cos 6 cos 8 


where 60 is declination of the sun, 
¢ is the latitude of the observing station, 
s, the hour angle of the sun is related to the mean time ¢ by 
t= 12°+te—s 
where ¢ is the equation of time. 
Substitution of the observed quantities, 6 and e (from the Nautical Almanac) 
in the above relations enables one to calculate h, the height of the screening layer. 
The screening heights calculated from the observations on 1 August 1954 and 
9 September 1955 are 50 and 30kms respectively. These values compare 
favourably with those given by BRown and PETRIE. 


5. CONCLUSION 


On some observed days a pre-sunrise increase of ionization at a series of heights 
occurs with small time delays after the layer sunrise and about 2 hr before the 
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main increase, as predicted by the Chapman theory. This phenomenon may be 
attributed to either the vertical movements of ionization caused by the electro- 
dynamic forces or the release of electrons from the negative ions formed during the 
night. However some observed facts do not agree with the predictions of the 
existing theories of electrodynamic forces causing the vertical drifts of ionization. 
The hypothesis, on the other hand, that the observed increase of ionization is 
caused by the release of electrons from negative ions which are supposed to be 
formed at night seems to explain the observed facts satisfactorily 
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Abstract—A study is made of the solar eclipse effects on the F1-layer, observed at Cambridge on 30 June 
1954, using the critical frequency data following the method developed by C. M. Minnis. The h’(f) 
records were made during the period 26 June to 5 July 1954 using a panoramic ionosphere recorder. 
Only a lower limit can be set for « the recombination coefficient in the F'J-layer and a value of 8 « 10-9 
is not unsuitable. The major part of the radiation causing the F'1-layer ionization is almost uniformly 
distributed over the entire visible disc of the sun, except for some west limb brightening to explain a 
discontinuity in the eclipse variation of the critical frequency at 1330 hours. To fit the computed eclipse 
variation with the observed variation of the critical frequency, a source of radiation 10 per cent of the 
whole will have to be assumed to lie beyond the visible disc of the sun. 


1. INTRODUCTION 


h'(f) records were obtained using the panoramic ionosphere recorder at intervals 
of 1 min during the solar eclipse of 30 June 1954 observed at Cambridge. The 
presence of intense sporadic-# ionization vitiated a large number of the records, 
but due to the frequency with which traces were obtained, F-region reflections are 
available for the best part of the eclipse period. THomas and Rossrns (1955) have 
studied the effects of the eclipse on the /'2-layer from the records obtained using a 
manually operated equipment during the same eclipse period. For this reason the 


panoramic recorder results are here studied mainly for the F'1-layer eclipse effects. 
Observations were made from 26 June to 4 July 1954 continuously at intervals 
of 1 min. Eclipse details are given in Table 1. 


Table 1. 





Time of Time of maximum = > Time of 
: » obscuration 
first contact obscuration t i last contact 
sa es at maximum : he 
(G.M.T.) (G.M.T.) (G.M.T.) 


Height 


Station (km) 


Cambridge 200 1115 1233 76 1350 





Fig. la shows plots of the critical frequency of the FJ-layer at 10 min 
intervals on the control and eclipse days. Although f/,/1 shows a general con- 
formity to the cos" 7 law, at any given time of the day there is a fair amount of 
scatter of the values of f,/1 from day to day. The critical frequencies on the 
eclipse day, plotted in Fig. 1b show a significant eclipse effect. 

No delay is observed between the observed minimum of f)/J and the time of 
maximum obscuration. The eclipse curve is nearly symmetrical about the time of 
the eclipse maximum except for two minor discontinuities, one at 1250 and the 
other at 1330 hours. N,,F 1 during the eclipse, reached a minimum value which 
was 44-5 per cent of its normal value. 
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2. DiuRNAL VARIATION OF fj, /1 ON THE ContTROL Days 


The diurnal variation of the critical frequency is governed by the law 


fo = fs cos” x (1) 
where f/f, is the so-called subsolar frequency, and the index n would be 0-25 with a 
recombination law. The FJ-layer was formed with a well-defined cusp and 
therefore the uncertainty in the measured critical frequencies is small. It has been 
shown from the published monthly mean /, FJ data that the index is nearly 0-2 
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Fig. 1. (a) The observed variation of f,/'1, on the control days, 26 June—5 July 1954. 

(b) The observed variation of f,F'1 on the control day, 29 June, and the eclipse day. 

(c) Per cent area of the sun obscured from (i) astronomical data, @, (ii) eclipse effect 
on f, Fl, +. 


rather than 0-25. It has also been shown that this departure is not due to the 
indeterminacy of the critical frequency, particularly in summer months when 
the FI cusp is fairly well formed. Now it may be of interest to see if the index 
remains the same for the individual days although the actual value of f,/1 may 
differ by about 0-5 Mc/s from one day to another as is evident from the scatter 
in Fig. la. This can be done with some accuracy as there are records at frequent 
intervals. Table 2 gives the index » and the subsolar frequency f,. 

The following points emerge as a result of this analysis. 

(i) The index » for the individual days is much bigger than 0-20 as obtained 
from monthly mean critical frequencies. 

(ii) n’s obtained from the rising and falling parts of the f,/1 versus time (f,(¢)) 
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curve differ considerably, the latter being smaller and nearer to the expected 
value of 0-25. In other words the f,(¢) curve is not symmetrical about noon. 

(iii) The critical frequency at noon or the sub-solar frequency can vary from 
day to day by as much as 0-5 Me/s. It is difficult to decide whether there is any 
regular trend in the variation of f, from day to day. If the variations in /, are 
interpreted as being caused by variations in the ionizing radiation itself then it 


Table 2. 





ffi j 
at noon Me : 
Forenoon Afternoon (Me/s) (Me/s) 





4-50 4-67 
4-40 4-53 
4-25 4-40 
4-38 4-51 
4-40 4-60 
4-60 4:73 
4-45 4-62 
4-45 4-62 


bo bo bo bo 
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wm Co 





would be necessary to assume that the amount of the ionizing radiation could vary 
by a factor of 1-3 (or more). It may be of some interest to investigate whether the 
variation of f, and ” have any definite relation to the sun’s 27-day rotational 


period. 
3. THE ANALYSIS OF THE EcLipse Errects 
3.1. Methods of analysis 
Two methods of analysing the eclipse effects on H- and F'J-layers are generally 
employed. The first method is to solve the continuity equation by approximate 


methods 
dN m 


dt 


2 


om Vol cos x oars aN m 


where f is the obscuration function. 

This procedure involves certain assumptions: 

(i) the heights of maximum production and ionization are identical; 

(ii) the ionizing radiation originates uniformly over the visible disc of the 
sun; and 

(iii) the variation of NV, obeys the theoretical cos" y law. 

The validity of these assumptions has been discussed by Ratcuirre (1955). 
The method is very tedious and is not used here. 

The second method, due to Mrynis, is to use the values of dN ,,,/di and N,,? 
obtained from the eclipse data and to compute the production rate during the 
eclipse assuming a range of values for x. From this computed eclipse production 
function, ¢,, the control day variation of the production rate, ¢,, is calculated by 
assuming a model distribution of the source of ionizing radiation over the visible 
disc. This method has been successfully employed by Minnis (1955) for a complete 
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analysis of the eclipse effects on the H- and Fl-layers observed in the year 1952 
at two stations. The effective recombination coefficient is determined by assuming 
that at the time of totality the ionizing radiation is zero. The validity of this 
assumption is again discussed by RATCLIFFE (1955). The previous analysis of the 
eclipse effects on the F2-layer at Derwood (Srerry, 1960) showed that about 
30 per cent of the radiation came from outside the visible disc, but this may well 
have been a day of unusual activity on the sun, which seems to be confirmed by the 


solar data. 


3.2. Calculation of results 

The procedure followed by Minnis has been adopted in the analysis of the 
critical frequency data of the FJ-layer obtained during the eclipse observed on 
30 June 1954. The purpose of the analysis is to find that the value of « which 
gives the variation of V,, on the control day closest to the actual variation. This 
of course requires a knowledge of the obscuration function, obtained from 
astronomical data. The calculation of the obscuration function at different 
heights was made by the Nautical Almanac office. The exact procedure adopted 
is as follows: 

(i) From the critical frequency data a plot of N,,,(t) is made for the eclipse 
period. 

(ii) dN,,/dt is measured from the \,,,(¢) plot. 

(iii) Assuming values of « = 3, 6, 8 and 10 x 10~-%, the eclipse production 
term, denoted by q,, is deduced from the expression 


| 2 
— + aN,,?. 


(iv) The corresponding control day g, denoted by ¢q,, is obtained from the 
expression 


3) 


where f is the fraction of the unobscured area to the entire area of the visible 
solar disc. f corresponding to a height of 200 km, shown in Fig. lc, is used. 
(v) Having computed q, the expected N,, is deduced from the relation 


Qe = &N,,” (4) 


where « is the same as the one used in deducing q,. 

Fig. 2a shows curves of computed J,,,(t) for different values of « and the 
control day curve for 29 June 1954. The N,,,(t) curve for 29 June 1954 is drawn, for 
the purpose of comparison, rather than the mean curve of all the control days, as it 
shows a very good fit with the eclipse day curve after and before the eclipse period. 
It is noticed that for the smallest values of «, the computed curve (in addition to the 
large fluctuations exhibited just before and after the time of maximum of the 
eclipse) remains much lower than the control day curve. With increasing values 
of x this large fluctuation tends to decrease and the general level of N increases, 


but the computed JN,,, curve is still lower than the control day N,, curve. With « 


U 


98 





Eclipse effects on the F1-layer observed at Cambridge on 30 June 1954 


increasing from 8 x 10-*® to 1 x 10-8 very little change results in the N,,, curve. 
Small values of « would therefore require assumptions regarding the distribution 
of the source of ionizing radiation, which will be considerably different from the 
uniform distribution, so a rough lower limit for « may be estimated although it is 
not possible to set an upper limit. Therefore we assume « = 8 x 10-9 as deduced 
by Minnis from the 1952 eclipse, and supported by our results at sunrise, and see 
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Fig. 2. (a) Variation of N,,(#'1). (i) Control day, 29 June 1954, (ii) eclipse day, (iii) computed 
control day with a series of values for «. + + +,a=3 « 10-%. @--- @,«=6 x 10-9. 
O—O, «=8x10-%. g—s, «= 10-*. xxx, observed variation on 29 June 1954, 
(b) Computed control day variation of N,,F1 with (i) 10 per cent of the radiation 
from outside the visible solar disc, and « = 8 x 10-*, xxx; and (ii) with the entire 
radiation uniformly distributed on the visible disc, and « = 8 x 10-9, O—O. 


how the source of the ionizing radiation is distributed over the sun. For this 
oS 
purpose the function f defined by the expression (2) is computed: 


™m 


sie A y 2 
fae of COs 7% <= aN m 


1 ( dN, 


| y 2 
qq cos x \ dt Si ). 

The function f thus calculated is shown in Fig. le which also shows the function f 
calculated from the astronomical data. It is seen that there is close agreement 
between the two curves. This implies the source of the ionizing radiation is 
almost uniformly distributed over the visible disc of the sun. However, if the 
small discontinuity in N,,,(t) observed at 1330 hours which had been smoothed out 
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originally, is now taken into account, a small area of enhanced radiation on the 
sun has to be postulated. Further, on the falling part of the V,,, curve between 1130 
and 1210 hours there are no measurements, due to the presence of blanketing 
sporadic-E£ ionization so that any discontinuities in this part of the curve are 
unobserved. Therefore, it can only be tentatively suggested, from Fig. lc, that the 
major part of the ionizing radiation has a source which is uniformly distributed 
over the visible disc of the sun and that an active region at 1330 hours should be 
at the west limb of the sun. 


3.3. Radiation from outside the visible disc of the sun 

It has been assumed so far that the source of the entire radiation comes from 
the visible dise of the sun and that this source may be distributed uniformly over 
the disc. The latter assumption has been shown to be nearly true, but earlier it 
has been pointed out, Fig. 2a, that whatever the magnitude of « assumed, it does 
not raise the computed J ,,,(¢) to the control day value. This may be attributed 
to a part of the ionizing radiation coming from outside the visible disc. Ifa fraction 
of the radiation arises from this external source then part of this fraction will be 
present throughout the eclipse period and the major fraction originating over the 
visible disc will undergo the eclipse effect. It has been shown that this major 
fraction is distributed nearly uniformly over the disc. Now an estimate is made of 
the percentage radiation that has to have its source outside the visible disc so 
that the computed values of N,,, from the eclipse curve agree with the control day 
values. This is done by trial and error and the curve shown in the Fig. 2b is com- 
puted with 10 per cent radiation coming from outside the disc. It is seen that this 
curve fits the control day curve very closely, therefore it may be concluded that 
about 10 per cent of the radiation causing the FJ-layer ionization comes from 
outside the visible dise of the sun. 

It is not suggested that this is any more than a first order estimate since in a 
full analysis the obscuration of the region immediately outside the disc (from which 
the extra radiation appears to come) would also have to be taken into account. 


4. CONCLUSION 

(i) A lower limit, only, of « can be set as a result of the foregoing analysis, and a 
value of 8 x 10-% as favoured by the previous results at sunrise seems not 
unsuitable to explain the F'J-layer eclipse effects. 

(ii) The source of the ionizing radiation is very nearly uniformly distributed 
over the visible disc of the sun. The active region at the west limb of the sun may 
give rise to some extra radiation which is not greater than a few per cent of the 
entire radiation. 

(iii) It is shown that whatever the value of « assumed the level of the computed 
NV, curve is always lower than the observed values of N,, on the control day. 

(iv) The fact that the computed N,, curve is lower than the observed values 
of V,, on the control day suggests that about 10 per cent of the radiation causing 


m 


the F'J-layer ionization has its source outside the visible disc of the sun. 
Acknowledgements—The experimental results discussed in this paper were obtained 
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Abstract—A study has been made of the fading of radio waves of frequency 70-200 ke/s reflected at 
steep incidence from the ionosphere. It is shown that the amplitude fading on 113 ke/s is sufficiently 
consistent to be represented by an average correlogram. Some measurements of the complex amplitude 
are reported and the correlograms deduced from them are compared with those derived from measure- 
ments of real amplitude. 

On all frequencies there is a component of fading with a correlation time (to e~1) of order 90 sec 
corresponding to a fading period of order 7-5 min and there is some evidence that this component of the 
fading is quasi-periodic. This quasi-periodic component is noticeable on a cross correlogram relating 
measurements made simultaneously on waves of quite different frequencies, from which it is deduced 
that it is caused by a quasi-sinusoidal irregularity in the ionosphere, which affects all the frequencies. 

Observations at three spaced receivers show that these irregularities have a spatial period of order 
20 km and that they travel with speeds of about 35 m sec~!. This drift of the irregularities is an impor- 


tant cause of the fading. 
On the higher frequencies there is clear evidence of a more rapid component of fading with a correla- 
tion time of the order 50 sec. 


1. INTRODUCTION 

THIS paper is concerned with the fading of radio waves of frequencies 70-8, 113-3, 
127-5 and 200 ke/s reflected from the ionosphere nearly vertically. It is well known 
that the nature of radio-wave fading on any frequency varies markedly from time 
to time, so that it is rather difficult to give a description of what the “‘average”’ 
fading would be like. It is, however, shown in Section 3 that it is possible to 
describe the fading observed on 113 ke/s in terms of an average autocorrelogram. 
The standard deviation of the correlation at different values of time-shift gives 
an indication of the range over which the shape of the correlogram can vary on 
this frequency. The correlogram of the fading on 113 ke/s is roughly Gaussian 
for values of correlation greater than 0-3, and for smaller values of correlation it 
has a tail which is quasi-oscillatory. The significance of the tail is discussed in 
Section 4.1 and evidence is given that it represents a quasi-periodic component 
of fading with a period of about 8 min, and that this component is common to the 
three lowest frequencies investigated. It is suggested that it corresponds to a 
quasi-periodic irregularity passing across the ionosphere. 

In Section 5 it is explained how a detailed correlation analysis of the type 
originally described by Briaes et al. (1950) and Puitures and SPENCER (1955) 
was used to discuss the records of fading made at three separate receivers. The 
drift velocity, the rate of change and the size of the fading pattern were deduced 
and compared with previous results of BowHILL. 

Although it is usual to measure only the amplitude of a fading wave and to 
discuss only the correlation of this amplitude, it is well known (RatcLiFrE, 1956) 
that the complex amplitude and its correlation are of more fundamental signifi- 
cance. In Section 6.1 some measurements of complex amplitude are described 
and discussed. From the results an attempt is made to deduce the nature of the 
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ionospheric irregularities responsible for the fading of the waves in this range of 
frequencies. 
2. EXPERIMENTAL ARRANGEMENTS 


- 
‘ 


and 


The measurements were made at Cambridge on frequencies 70, 113, 12 
200 ke/s. The first three are frequencies used by the Decca Navigator system and 
the last one is used by the B.B.C. The senders and receivers were situated as 
shown on the map in Fig. 1. The abnormal component of the skywave was isolated 


N 


200 kc/s 


85 kc/s 





127 kc/s @ 
Fig. 1. Geographical situations of transmitters. 


for measurement by using a loop aerial orientated to reject the ground wave. The 
phase difference between this abnormal component and the ground wave was 
recorded with an apparatus similar to that described by BELROsSE (1957). These 
phase records were also used to show by their behaviour near sunrise that the 
ground wave was sufficiently well rejected by the loop. The amplitude of the 
abnormal component received on the loop was recorded in the usual way. 


3. DESCRIPTION OF THE FADING 


It is not easy to describe the average fading of a radio wave in a useful way. 
Attempts have sometimes been made to describe it in terms of “‘Number of maxima 
per unit time’; but this can often be misleading, especially when more than one 
quasi-period is present. Bowniut (1955) has discussed the statistics of a fading 
curve of this type. 

A detailed statistical description of a single fading record can be given in terms 
of its autocorrelation function. But the autocorrelation functions obtained at 
different times on the same radio-frequency are often so variable that no useful 
typical function can be described. It has, however, been found that the auto- 
correlation functions of fading on a frequency of 113 ke/s are unusually similar, and 
in this Section an account is given of the limits within which most of these functions 


were found to lie. 
During the first 6 months of 1958 continuous amplitude records were made on 
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a frequency of 113 ke/s. Out of these about ninety stretches of record, each lasting 
from 48 to 60 min, were chosen and the autocorrelogram for each was evaluated. 
All the analysed records were taken after sunset and before sunrise and all times 
of night were about equally well represented. The autocorrelation functions of 
these records have roughly the same shape, and in order to describe it, the average 
value of the correlation (p) was evaluated for different values of the time shift (7), 
together with the corresponding standard deviations of p. The resulting average 
curve and standard deviations are shown in Fig. 2. 













































































Fig. 2. Average of ninety individual autocorrelo- Fig. 3. Autocorrelogram of fading recorded on 

grams of fading observed on 113 ke/s. Vertical 113 ke/s during the period 2254-2342 hours on 

lines denote standard deviations. 21.4.58. This correlogram shows two quasi- 
periods of fading. 


Fig. 2 is the best that can be done to describe the “‘average” fading on 113 
ke/s. Near the origin the correlogram approximates to a Gaussian curve with a 
characteristic time, to e!, between 65 and 125 sec, corresponding to a “‘period”’ 
of fading between about 330 and 550 sec. At low values of correlation there are 
some indications that the correlogram may be oscillatory. 

Individual correlograms reveal some features which are not apparent in the 
mean corrrelogram of Fig. 2. The portion near the origin is usually quite accurately 
Gaussian but a detailed analysis shows that a number of the individual correlo- 
grams, such as that shown in Fig. 3, approximate to curves which are the sum of 
two Gaussian curves of different width. These curves correspond to fading records 
in which a faster component of fading is clearly evident superimposed on a slower. 

Almost all the individual correlograms are quasi-oscillatory at lower values 
of correlation with a period of the order of 400 see which would appear to coincide 
with the fading period evident in the mean correlogram. The significance of the 
quasi-oscillatory part of the correlogram will be discussed separately in Section 4. 
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A smaller number of autocorrelograms of fading records made on the other 
frequencies were also calculated, with the following results. 

70 ke/s. Ten autocorrelograms were evaluated from amplitude records made 
throughout the year. Although some of these records appeared to show two fading 
periods when maxima were counted, there was no sign of this double period in the 
autocorrelograms. It was concluded that the rapidly fading component was 
considerably weaker than the slowly fading one. A test in which artificially con- 
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70 kc/s 
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Fig. 4. Autocorrelograms of fading curves recorded on three frequencies simultaneously. 
(a) 0200-0300 hours on 16.10.57. (b) 1600-1700 hours on 15.12.57. 


structed composite records were analysed led to the conclusion that the power in 
the slowly fading component was more than ten times as great as that in the 
rapidly fading component. The shape of the correlogram was closely the same as 
that for 113 ke/s (Fig. 4a,b). 

127 and 200 ke/s. Eight correlograms were computed for 127 ke/s and six for 
200 ke/s, and all had the form of two superimposed Gaussian curves, such as 
would correspond to the simultaneous presence of a fast and a slow fading (e.g. 
Fig. 4b). The part corresponding to the slow fading had approximately the same 
correlation time as on the other frequencies. 


4, A QUASI-PERIODIC COMPONENT OF FADING COMMON TO ALL FREQUENCIES 


When correlograms p(r) were computed for the fading records corresponding 
to any of the frequencies here discussed, it was found that for the larger values of 
7, p showed a tendency to oscillate. This oscillation was often quite clear, as 
shown in the examples of Fig. 4. In the average correlogram of Fig. 2 it was much 
less evident, as might be expected if the period varied from record to record. It is 
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well known that correlograms, of the kind discussed here, sometimes show oscilla- 
tions which arise only because of the method of analysis and which do not represent 
any real periodicity in the original records. It is therefore necessary to consider 
the statistical significance of the oscillations. We note first that the standard 
error Ap, in the correlation p is given, approximately, for small values of p by the 
expression 


1 — p? 
VN 


Ap = (1) 


where V is the number of independent readings on the record. For the present 
purposes V can be taken to be approximately equal to the number of recorded 











Fig. 5. Autocorrelogram of a fading curve recorded on 113 ke/s over the 14 hr period from 
1800 hours on 21.10.57 to 0800 hours on 22.10.57. 


maxima. It is then found that, for the records to which Figs. 3, 5 and 6 relate, 
this expression leads to an expected standard error of about 0-25 so that the oscilla- 
tions are just significant. The correlograms were usually computed out to values 
of 7 in the neighbourhood of 240 sec. It is a characteristic of the method of com- 
putation that, when the value of 7 was great, the number of maxima used in the 
computation was small. Thus for a record lasting about 60 min the correlation 
would have been too unreliable at values of 7 greater than, say, 600 sec—a period 
within which a number of full oscillations on the correlogram would have been 
observed. On one occasion, however, a record which represented a duration of 
14 hr was used and gave rise to the autocorrelogram shown in Fig. 5. No attempt 
was made to remove the daily variation of amplitude before computing the auto- 
correlogram and this slow trend is responsible for the fact that the autocorrelation 
does not fail to zero at about 1 min as in the autocorrelograms of Figs. 3 and 4 
but tends to zero very slowly. In this autocorrelogram there is a well-marked, 
though small, oscillatory component, having a time period of about 6 min. It was 
found that over a period of many hours, the hourly average fading period of the 
slow fading is not exactly constant. This explains the small amplitude of the 
oscillations, which are, nevertheless, known to be significant because of the large 
number of maxima involved. Since this period of 6 min is approximately the 
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same as the time period which would be judged to correspond to the oscillations 
on the correlograms, such as those in Fig. 4, extending over shorter times, it seems 
reasonable to suggest that it represents a real component of fading. 

Examination of the oscillatory part of the correlograms made on the different 
frequencies suggested that the period was much the same for all. It therefore 
seemed of interest to compute the cross-correlogram between two fading records 
made simultaneously on two different frequencies. Some of these cross-correlation 
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Fig. 6. Cross-correlation between fading records made on different frequencies during the 
period 0200—0300 hours on 16.10.57. 


functions are shown in Fig. 6, which corresponds to the autocorrelation functions 
of Fig. 4 (a). These cross-correlograms indicate that: 

(a) there is a considerable degree of correlation between fading curves recorded 

simultaneously on different frequencies; 

(b) the cross-correlogram is periodic with time period of about 6 min; and 

(c) to obtain the maximum correlation, it is often necessary to introduce a 

time lag between the two fading records. 

The records leading to the cross-correlograms of Fig. 6 were made simultane- 
ously. It is of interest to compute cross-correlograms of fading records, on two 
different frequencies, which were not made simultaneously. Some cross-correlo- 
grams of this kind are shown in Fig. 7. These correlograms differ from those of 
Fig. 6 in two important respects: they are not periodic and the maximum correla- 
tion is smaller. The expected error computed from equation (1) was, on this 
oceasion, about 0:25, whereas the maximum correlation was about 0-20. We 
conclude that, when records made at two different times are compared, there is 
no significant correlation. 

The conclusion from the results of this section is that one and the same quasi- 
periodic component of fading is frequently present on all waves with radio- 
frequencies between 70 ke/s and 127 ke/s, and that this periodic component has 
different phases on the different transmission paths. 

We notice that these results are consistent with those of BownHILL, who found 
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that, on frequencies less than about 100 ke/s, there was a slow component of 
fading having a period of about 8 min, on which was superimposed a more rapid 
fading which became relatively more important as the radio-frequency was in- 
creased. The present results seem to show that BowHILL’s slow component is 
at least in some cases—quasi-periodic. 


4.1. Discussion of the quasi-periodic component 


Let us next consider what ionospheric mechanism could be responsible for the 
quasi-periodic slow component of fading. The fact that it has different phases on 























-240 -I80 -I20 -60 


Fig. 7. Cross-correlation between fading records made on different frequencies at different 
times. (1) 70 ke/s 0200 hours on 16.10.57. (2) 127 ke/s 0200 hours on 16.10.57. (3) 200 
ke/s 1600 hours on 15.12.57. 


the different transmissions investigated suggests that it might correspond to a 
quasi-periodic structure in the ionosphere drifting steadily past the different mid- 
points of the transmission paths. Suppose, for example, that the surfaces of 
constant electron density in the appropriate part of the ionosphere were sinusoid- 
ally corrugated so that the ionosphere was equivalent to a sharply bounded 
reflecting surface with height Z given by 


Z = Z, cos (272/d) 


and suppose a wave with a wavelength / were reflected normally from it. Then, 
to a first approximation, the phase of the reflected wave would be distributed 
over a plane just below the reflector as given by 


@ = (427 Zy/A) cos (27 x/d) 


Theory (HEwisn, 1955; Ratciirre, 1956) shows that the amplitude of the dif- 
fraction pattern formed by this wave at the ground will have spatial components 
with spatial periods d/n, where n is a number taking all integral values from 1 up 
to about 47Z,//. It is possible that the slow quasi-periodic fading observed on all 
the frequencies corresponds to the fundamental component in this series, and hence 
to a quasi-periodic structure in the ionosphere. The higher-order components in 
the diffraction pattern would then represent fading of greater frequency. 
Unfortunately it is not possible to deduce the drift velocity from the time 
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shift which gives maximum correlation, because the pattern is periodic and maxi- 
mum multiples of the periodic time could be deduced. If, however, the average 
velocity of drift deduced, on different occasions, from observations of one frequency 
received at three points (see Section 5) is used in the calculation, it appears that 
the spatial quasi-period of the disturbance is about 20 km. 


5. OBSERVATIONS WITH SPACED RECEIVERS 
A series of observations was made with three receivers, situated as shown in 
Fig. 8, all recording the signal on a frequency of 113 ke/s. The fading records were 
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Fig. 8. Location of the receivers in the spaced-receiver experiment on 113 ke/s. 
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Fig. 9. Histogram for the magnitude of Fig. 10. Histogram for the direction of the 
the velocity V. velocity V. 


analysed by the full “correlation method” of Briaes et al. (1950). This analysis 
leads to the magnitudes of the following quantities: 

(1) V, the velocity of drift of the irregularities. 

(2) The direction of this drift. 

(3) V., the so-called characteristic velocity which gives a measure of the speed 
at which random changes take place in the diffraction pattern. The dimensions of 
V. are that of a velocity, and the ratio V/V, provides a measure of the relative 
importance of the two quantities in the production of the fading. 

(4) The “‘size’’, shape, and orientation, of the amplitude diffraction pattern on 
the ground. 

A value for each of these parameters was found in about sixty cases spread 
over the period March—June 1958. All the measurements refer to the night-time. 
Although this number was too small to find systematic changes in the direction of 
drift, for instance, it was large enough to give a good idea of the orders of magnitude 
of the different parameters. 

In Figs. 9-12 histograms are shown for V, the direction of V, V,/V and the 
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major axis of the p = 0-5 ellipse. All the values of V, V, and pattern size refer to 
the ground pattern and should, according to theory, be halved to make them 
applicable to the ionosphere. There are not many published data with which our 
results can be compared. Bownrtt (1955) found much smaller values of V. 
Moreover he found that the value of V/V, was greater than 2 on half the occasions 
examined, whereas we found it less than unity on 70 per cent of the cases ex- 
amined. It is difficult to explain the large difference in terms of the fact that 











Number of cases 
Number of cases 


















































ik ub 


Fig. 11. Histogram for the magnitude of V,/V. Fig. 12. Histogram for pattern size of the fading. 
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BowuiLu worked on a frequency of 70 ke/s, whereas we worked on 127 ke/s. The 
measurements, in the two cases, were made during the same time of the year, but 
BowHILL did not use the full-analysis method, i.e. he assumed an isotropic ampli- 
tude pattern on the ground. It is not expected, however, that this can account for 
the difference in the results. Our own results are more in line with what is found 
for the #-region. 

From the histogram in Fig. 10 it is clear that the direction of drift was mainly 
from west to east. 

From the histogram in Fig. 9, the average value for V, as measured on the 
ground, is 70 m/sec. This corresponds to a velocity of 35 m/sec in the ionosphere. 

The average size of the p = 0-5 ellipse (this ellipse, by definition, gives the 
“pattern size’) was found to be 4-5 wavelengths, which is roughly 10 km, corre- 
sponding to a spatial period in the ionosphere of 20 km. In 80 per cent of the cases 
analysed the axis ratio was between 1-4 and 2-7; the average axis ratio for all 
cases was found to be 2-1. There was a tendency for the major axis of the ellipse 
to coincide with the direction of drift. Bownrti found an average pattern size 
of about 6 km on the frequency of 70 ke/s. As previously mentioned, he assumed 
an isotropic amplitude distribution over the ground. 


6. THE AUTOCORRELATION FUNCTION OF COMPLEX AMPLITUDE 


The diffraction theory of radio wave fading (see RATCLIFFE, 1956) is concerned 
withthe complex amplitude of the wave, so that a knowledge of the phase is required 
if the theory is to be applied in detail. If, however, certain assumptions can be 
made about the random nature of the angular spectrum, it is known that observa- 
tions of the real amplitude by themselves can lead to a knowledge of that spectrum, 
and hence of the ionospheric structure which gives rise to it. In most experiments 
on the fading of radio waves, it has been usual to measure only the real amplitude 
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and to make the necessary assumptions about the variations of phase. In the 
present series of experiments, however, both the amplitude and the phase were 
measured simultaneously; so that it is possible to determine the complex amplitude 
f(t) and to deduce its auto-correlation function r(7), defined by 


r(z) a [£(4)E* (t am T) Jay +18(4)¥* (¢)],,- 
Let us also define another kind of correlation function p(r) given by 
[E()8*(¢ + 7)loe — [EOE 
(|£(¢)|? Ja. ea | =A 


the difference being that in (3) the squared mean is subtracted. Suppose further 
that the complex amplitude consists of a constant part with a variable part 
superimposed in such a way that the “‘signal to noise ratio” (in power) is equal to 
b so that we may write 


p(T) 


f(t) = £61 + b-'*g(t)]. (4) 
Then it can be shown (RATCLIFFE, 1956) that 


b+ 
r(z) = er = 


If now it can be shown that the fading is caused by the uniform motion of a 
diffraction pattern with a velocity V, and that the irregular changes of the pattern 
are of secondary importance, it is possible to estimate the spatial correlation 
pg (&) in the pattern by writing 


Vr. (6) 


It can further be shown that, if these irregularities are impressed on the wave 
during its transit through an ionized medium in which there are irregularities of 
electron density NV, described by the correlation function py(é), then, if b> 


Px(5) = pel). (7) 


This result applies to a plane wave incident on the medium. If a point source is 
used, as in the present experiments, the correlation function measured on the 
ground will have a scale twice as large as that of the electron density fluctuations 
in the ionized layer. 

Table 1. 





Frequency (ke/s) 


Number of records 





6.1. Measurements of complex amplitude 

From the records of amplitude and phase, a series of computations were made 
of r,(7). The number of records analysed on each of the different frequencies is 
shown in Table 1. 
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Each record corresponded to reception for 1 hr. If there were long-term trends, 
with periods of the order of | hr, in either the amplitude or the phase, they were 
removed by eye before the analysis was made. If a trend was allowed to remain 
in the phase, it would be equivalent to a frequency shift of the signal relative to 
the frequency of the ground wave which is used as a phase reference. This would 
imply a frequency spectrum unsymmetrical around the assumed reference fre- 
quency, and the correlation function, which is the Fourier transform of the 


Table 2. 





Time of start & 


Frequency D 
er (G.M.T.) (wavelengths) 


(ke/s) 
0200 -0€ 1-00 
0000 2: 0-75 
0100 3° 0°53 
0600 “8: 0:94 





1825 ody 0:41 


0300 
2330 
0450 
1510 


or or or or 
“IosI -J <] 





0230 
0430 
1515 





frequency spectrum, would then be complex. The degree of success with which the 
trend in phase had been removed could therefore be judged by noticing how 
nearly the resultant 7,(7) was purely real. It was found that the imaginary part 
was always less than 0-1 and usually less than 0-05. 

Some examples of 7,(7), for the four frequencies, are shown in Fig. 13. 

The magnitudes of b and p,(r) deduced by way of equation (5) are also shown 
in these figures. For purposes of comparison, the two correlation functions p,(7) and 
p4(7) of phase and of real amplitude, respectively, are also included (whereavailable). 

Unfortunately, the characteristic velocity (V.) and the drift velocity (V) of 
the diffraction pattern were not observed while these observations were being 
made, so that it is not possible to make a precise determination of the spatial 
structure of the pattern. To get an approximate idea of this structure it will 
therefore be supposed, in line with what was said in Section 5, that V > V, and 
that the velocity V on the ground had the mean value of 70 m/sec. The time 
correlograms can then be re-interpreted as space correlograms with the aid of 
equation (6). The results of an analysis of this kind, made on the records from the 
different frequencies, are given in Table 2. 

Here in column (5) &) is the separation, measured in wavelengths, at which 
the autocorrelation function falls to e-!. Since, in most cases, b > 1 the results 
provide an estimate of the mean size of the ionospheric irregularities. These sizes, 
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(a) 70 kc/s| 
(b) 85 kc/s| 
















































































Fig. 13. Autocorrelograms of the complex amplitude g = Ae‘” of the variable part of the 
fading wave as determined for four frequencies. The correlation functions r(r) and p(7) are de- 
fined in equations (2) and (3). The magnitudes of 6, the ratio of the variable power to the 
mean power (see equation (4)), are indicated on the curves. Results were recorded for 
curve (a) on 70 ke/s between 0200 and 0300 hours on 16.10.57; for curve (b) on 85 ke/s 
between 1825 and 1925 hours on 16.12.57; for curve (c) on 113 ke/s between 0300 and 0400 
hours on 17.9.57; and for curve (d) on 127 ke/s between 0430 and 0530 hours on 21.11.57. 


given in terms of the actual distance Z which makes p,(&) fall to e-!, are given 
in column (6). The values given in columns (5) and (6) have been divided by 2, so 


that they refer to the sizes in the ionospheric layer. 
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Abstract—Visual auroral observations from the area of the British Isles for 1957 and 1958 are shown 
to give a latitude distribution which falls exponentially from the region of north Scotland southwards 
when plotted against geomagnetic inclination. The seasonal variation is shown to have March and 
September maxima. 


INTRODUCTION 


SrncE 1952 there has been a systematic collection of visual auroral observations 
made in the British Isles, under the name “Aurora Survey” (Paton, 1952). This 
was developed from the previous work done by the Aurora and Zodiacal Light 
Section of the British Astronomical Association and from independent work done 
at certain stations of the British Meteorological Office. The data are collected and 
examined at the Balfour Stewart Auroral Laboratory of the University of Edin- 
burgh. 

In connexion with the International Geophysical Year (1 July 1957 to 31 Decem- 
ber 1958) the Laboratory was designated World Data Centre C for Aurora (Visual 
Observations) and it has received auroral observations from other European 
countries and also from World Data Centre A (at Ithaca, New York, USA) and 
World Data Centre B (at Moscow, USSR). A description of the IGY arrangements 
has been given by CHAPMAN (1957). 

The data are voluminous and differ in completeness and quality according to 
the source of the observations. For this and other reasons, several different 
publications of data and analyses are envisaged, using different selections from 
the complete collection. The more important of these publications will appear 
in the Annals of the IGY. Of the minor publications there is one which reports 
mainly British data—the General Auroral Table in the Observatories’ Year Book 
of the Meteorological Office. This paper deals with the data of that Table for the 
years 1957 and 1958, that is the IGY and the six months preceding it. The data 
are considered in two parts: aurora overhead, and aurora visible. For each of 
these the latitude distribution and the seasonal variation are examined. 


AURORA OVERHEAD: LATITUDE DISTRIBUTION 


The Table mentioned above lists the lowest geomagnetic latitude (omitting 
values greater than 67°) reached by aurora on each night when it was observed 
from the British Isles. It is assumed that when aurora occurred overhead in a 
particular geomagnetic latitude zone it also occurred overhead at some time during 
the same night in all the higher zones up to 67° at least. No exception to this has 
been noted by us, and it is a reasonable assumption to make. The figures obtained 
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on this basis are presented in Table 1. The two years are compared graphically 
in Fig. 1. The general decrease in activity from 1957 to 1958 has been noted in 
other geophysical studies; it is of course to be related to the drop in solar activity. 


Table 1. Yearly numbers of nights with aurora overhead 
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Fig. 1. Aurora overhead: graphical presentation of latitude distribution for 1957 and 
1958 considered separately. N = Number of nights with aurora overhead at geomagnetic 
longitude 80° E. 


The average result for the two years is shown in Fig. 2, which gives a map of the 
area considered. In collating the data from different stations it was assumed at 
the beginning of the Aurora Survey work that auroral features with great longi- 
tudinal extent lay along lines of equal geomagnetic latitude. The zones shown on 
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this map were drawn with this in mind, the observing stations being grouped 
according to these zones. Each zone is 1° wide and centred on the integral lines 
of geomagnetic latitude obtained by taking the geomagnetic axis pole (centred 




















Fig. 2. Aurora overhead: map presentation of latitude distribution 
for 1957 and 1958 considered together. 


Table 2. Monthly numbers of nights with aurora overhead 
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dipole field) to be at 78-5° N, 69° W. That assumption was only a first approxi- 
mation; [GY observations have shown it to be considerably in error (GARTLEIN 
et al., 1958). Even in a map of only 20° of longitude in width, like that of Fig. 2, 
the lines of equal auroral occurrence will differ appreciably from the geomagnetic 
latitude zones. It is for this reason that the values have been put on the map not 
as lines of equal frequency but as spot values along the 80° E line of geomagnetic 
longitude. 
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AURORA OVERHEAD: SEASONAL VARIATION 

Counting numbers of displays coming overhead in zones 64 to 58 yields the 
figures presented in Table 2. 

The totals for the two years taken together are shown graphically in Fig. 3. 
The expected maxima in March and September are evident at all levels. The 
slight indications at some levels of a subsidiary maximum in December are probably 
not statistically significant. 
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Fig. 3. Aurora overhead: seasonal variation for 1957 and 1958 considered together. 
N = Number of nights with aurora overhead in zones, 


AURORA VISIBLE: LATITUDE DISTRIBUTION 


The General Auroral Table also lists the lowest geomagnetic latitude zone 
from which aurora was observed in the British Isles or in areas to the south and 
at the same geomagnetic longitude (around 80° E). Counting up the number of 
occurrences of each zone in the Tables for 1957 and 1958 and then making cumu- 
lative totals as was done for the occurrence of aurora overhead, the figures 
presented in Table 3 are obtained. 

It is to be noted that because the figures have been obtained by cumulative 
totalling, they are not the same as would be obtained by considering each zone 
entirely on its own—making counts of the number of nights when aurora was 
reported from that zone. It frequently happens that cloud or twilight in a higher 
zone prevents observations when aurora is visible from a lower zone. The numbers 
in Table 3 are therefore more nearly the same as the numbers of nights in the year 
when aurora would have been seen from each zone if the observing conditions had 
been always ideal. The numbers in Table 3 are not, however, quite so high as 
these would be, especially in the lowest and highest zones. The evidence of auroral 
zone observations (from Iceland and elsewhere) is that aurora occurred there 
during 1957 and 1958 on every night (at some time or other during the night). 
Given very good observing conditions, aurora overhead in Iceland would be seen 
as a glow from zone 62, provided the intensity of auroral emission were high 
enough. It may therefore be concluded that the figure of 50 per cent for zone 62 
is too low: lack of observing stations in that zone is one of the reasons for this. 
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Table 3. Yearly numbers of nights with aurora visible 
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Fig. 4. Aurora visible: graphical presentation of latitude distribution for 1957 and 1958 
considered separately. N = Number of nights with aurora visible (even if only as a glow) 
at geomagnetic longitude 80° E. 
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Fig. 5. Aurora visible: map presentation of latitude distribution for 1957 and 1958 
considered together. Percentages of nights when aurora would have been visible, given 
ideal conditions. 
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Fig. 6. Aurora visible: seasonal variation for 1957 and 1958 considered together. 
N = Number of nights with aurora visible from zones. 


The two years are compared graphically in Fig. 4. (It must be remembered 
that, as indicated above, at any place cloud and other interfering factors reduced 
the number of nights when aurora was actually observed below the values given 
in this graph.) The average result for the two years is shown in Fig. 5 
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AURORA VISIBLE: SEASONAL VARIATION 
The monthly totals of nights with aurora visible are given in Table 4. 
Fig. 6 gives a graphical presentation of the totals. The spring and autumn 
maxima are again evident at all levels. The midwinter peak evident at the higher 
zones is almost certainly due to observational factors: this is discussed below. 


Table 4. Monthly numbers of nights with aurora visible 
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Discussion oF LatitupE DIsTRIBUTION 

The classic work on the latitude distribution of aurora was that done by Frrrz 
(1881). The relevant part of his well-known map of isochasms (lines of equal 
auroral frequency) yields the information shown in Fig. 7. This is based on reports 
of aurora seen during the period 1700 to 1872. 

An extension of Fritz’s work was undertaken by VESTINE (1944). Adding data 
for the years 1872 to 1942, he redrew Fritz’s map. The results for our Aurora 
Survey area are not very different from those shown in Fig. 7: the various per- 


centages entered there appear about 1° lower on Vestine’s map. 
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It will be observed that there is a considerable difference between Fig. 7 (Fritz’s 
results) and Fig. 5 (our results for 1957 and 1958): our figure for any latitude is 
about four times greater than Fritz’s. There are three main reasons for this. 
First, our results refer to years of maximum solar activity (and that an exception- 
ally high maximum). In the second place, and probably more importantly, our 
figures arise from a practically continuous watch for aurora, whereas Fritz was 
able to use only what happened to be available in the way of reports of displays. 




















Fig. 7. Map of Aurora Survey area with percentages of nights during 
1700 to 1872 for which aurora was reported, as found by H. Frrrz, 
The third consideration is that of interference by cloud and twilight. VESTINE 
(1944) made a study of this factor: he used observations from single stations and 
calculated for each the percentage of clear nights on which aurora was reported. 
Our procedure, grouping the observing stations into zones of considerable longi- 
tudinal extent, usually makes it possible to select an observation made under good 
observing conditions: when one station of the group is under cloud, another has 
clear skies. This, along with the cumulative totalling technique described above 
greatly reduces the effect of cloud on the results (though it does not deal with it 
completely). The General Auroral Table does not include data on the occurrence 
of clear dark nights without aurora or of completely cloudy nights and it is there- 
fore not possible to make an analysis of cloud and twilight effects without consider- 
ing other data than that given in the Table. One of the International Geophysical 
Year publications at present in preparation is that of auroral “‘visoplots’’—dia- 
grams which will show the occurrence of clear sky without aurora as well as 
occurrence of aurora and will also give an indication of the effect of twilight on 
observations. The indications so far available are that during 1957 and 1958 there 
were only two or three nights when observing conditions over the Aurora Survey 
area were so bad that a major display could have occurred undetected. There 
were perhaps twenty nights when a moderate display might have been missed. 
More frequently, the effect of poor observing conditions was to limit the accuracy 
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of detailed information about a display, such as its duration, the forms present, 
and the precise overhead position. 

As has frequently been pointed out, a more desirable form of the latitude 
distribution is that which gives the occurrence of aurora overhead (and not simply 
aurora visible, as in Fritz’s work). Lack of the relevant data has previously 
prevented this being done (except for single observing stations). The Aurora 
Survey data yield the results shown in Figs. 1 and 2. The IGY data from all 
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Geomagnetic inclination 
Fig. 8. Aurora overhead: graphical presentation of latitude distribution for 1957 and 
1958 considered together and plotted against geomagnetic inclination. N = Total number 
of nights in 1957 and 1958 with aurora overhead at geomagnetic longitude 80° E. 

sectors of the northern hemisphere have been studied in this connexion by C. W. 
GARTLEIN, with the tentative result that the latitude distribution of aurora is 
more closely related to local geomagnetic inclination than to geomagnetic latitude. 
It is therefore of interest to plot the frequencies of overhead aurora against inclina- 
tion in the Aurora Survey area. The resulting curve is shown in Fig. 8. (A map 
comparing the lines of equal geomagnetic inclination and geomagnetic latitude in 
the Aurora Survey area has been drawn by McINNeEs and ROBERTSON (1959).) 
That the decrease towards lower values of inclination is exponential is shown by 
Fig. 9, where the numbers of nights are plotted on a logarithmic scale. In this 
diagram a variation of one night more or less for each zone is indicated by the 
vertical line through the plotted point. 

When the data become available it will be of interest to continue the curve of 
Fig. 9 to higher values of inclination (which is unfortunately not easy for the 
Aurora Survey area because of lack of observing stations north of the British 
Isles). It will also be interesting to compare the equivalent curves obtained at 
other geomagnetic longitudes. Spot values from particular stations may be com- 
pared with the 80° E northern hemisphere values by using the empirical relation 


(derived from Fig. 9) Z : ean 
5 log,, N =I —6 
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where J is the total number of nights in 1957 and 1958 with aurora overhead at 
a place with inclination J. 

The variation of the latitude distribution throughout the solar cycle is also 
of interest. Some remarks on this, as it appears in Aurora Survey data, have been 
made by Paton (1956). One of the obvious difficulties in such studies is to ensure 
that the observations being used have been consistent over the years. The observ- 
ing schemes and the methods of analysis of the data which were worked out for 
the IGY provide a good basis now; it is encouraging that work along IGY lines 
has been continued throughout 1959 and into 1960. 
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Geomagnetic inclination 
Fig. 9. Aurora overhead: graphical demonstration of exponential relationship between 
number of displays and geomagnetic inclination. The vertical lines indicate variations of 
one night more or less for each zone. N = Number of nights (1957 and 1958) with aurora 
overhead (logarithmic scale) at geomagnetic longitude 80° E. 

It should be noted that there are some differences between the values given 
in the tables above and those given in previous publications partly concerned with 
the same period of time (PATON, 1958; Paton et al., 1959). These differences are 
due partly to additional observations being available for this analysis and partly 
to a reassessment of the original data. 


DISCUSSION OF SEASONAL VARIATION 

The seasonal variation of auroral activity at places on the equatorward side 
of the auroral zone has been studied by several workers. All agree in finding 
spring and autumn maxima. This seasonal variation is similar to that of geo- 
magnetic disturbance and it is of interest to compare the two phenomena in this 
respect. The maxima of the semi-annual component of geomagnetic disturbance 
have recently been shown to occur at the equinoxial dates (McInTosu, 1959). In 
view of the close connexion that auroral activity has with geomagnetic disturbance 
it is to be expected that the spring and autumn maxima also occur at these dates. 
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Fig. 3, giving the results for aurora overhead, shows very clearly that the maxima 
for the period of 1957 and 1958 did occur in March and September; the data 
considered here are not numerous enough or fine enough for further resolution of 
the time scale. Fig. 6, dealing with aurora visible, is less definite. The autumn 
maximum occurs in October for the three highest zones considered and there is a 
strong December maximum also. It is likely, however, that these effects are due 
to the increasing length of night as December is approached, allowing more 
opportunity for observation of whatever aurora there may be during any night. 
Meteorological factors may also be involved, since the amount of distant aurora 
seen is greatly affected by conditions of visibility. 
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Abstract—A double field mill is described in which the top and bottom rotor are driven from a comnion 
shaft. By adjusting the relative position of the rotors it is possible to measure either the atmospheric 
potential gradient or the self charge of the equipment. The apparatus in conjunction with a telemetering 
device is to be used for the measurement of potential gradients in the free atmosphere. 


1, INTRODUCTION 

PoTENTIAL gradient measurements in the free atmosphere are based on three 
broad principles which have been summarized in a paper by KREIELSHEIMER 
(1946). Firstly, there are electrometer methods using potential equalization with 
its surroundings of two radioactive or similarly acting collectors separated by a 
known distance. This arrangement, in conjunction with the Bureau of Standards’ 
radiosonde, developed by Dtamonp et al. (1940) has been described by 
VENKITESHWARAN e¢f al. (1953). Secondly, point discharge from two points widely 
separated along the direction of the lines of force, also using the American radio- 
sonde as a convenient telemetering device has first been reported by 
K RETELSHEIMER and BE IN (1946) and described in more detail in a paper given at 
the New Zealand Science Congress by KREIELSHEIMER (1947). The former 
methods suffer in particular from the defect that no allowance can be made for any 
charges acquired by the ascending equipment, and the latter one may be criticized 
for the fact that, since for reasons of simplicity and weight limitations the electronic 
circuit is usually unbalanced, i.e. the filament of the input valve and through it the 
whole of the radiosonde is connected to one of the collectors, the inevitable field 
distortion due to the sonde is aggravated. Furthermore, CHAPMAN (1956), and also 
LarGs and Prerce (1957) have measured the influence of wind on point discharge 
currents, a factor which makes the interpretation of results both difficult and 
uncertain. Finally, the test-plate method, first introduced and developed by 
Wintson (1908), has formed the basis of apparatus for the measurement of the 
earth's electric field at or near ground level as well as at greater heights and in 
thunderclouds. The latest development of Wilson’s principle is often referred to 
as the ‘“‘generating voltmeter’ device or “‘field mill’ for short. 

Because of the shortcomings of the corona wire method in the free atmosphere 
the new field mill apparatus was developed to provide an accurate and reliable 
basis for the comparison of results obtained simultaneously by both methods and 
to assist in the elucidation of certain discrepancies in results obtained previously. 


* Now at the Physics Department, University of Tasmania, Hobart. 
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The apparatus provides also for telemetering of the field reading to the ground 
station. 
2. PRINCIPLE OF OPERATION 

MaAPLESON and WHITLOCK (1955), have reviewed the design features of various 
single-ended field mills and outlined the general underlying theory. Our present 
design follows in some respects the ‘‘sector type’’ as first used in this country by 
Macky (1937), and consists of a circular conducting but well-insulated plate with 
alternate quadrants removed. A similar set of two quadrants is arranged to rotate 
over the fixed plate in which case, as the analysis by Dani (1951) has shown, the 
output waveform, dependent on the time constants of the amplifier input circuit, 
can be arranged to be approximately triangular. As pointed out by Macky, 
taking elementary precautions, this field mill can be run in an exposed position, 
subject to all types of bad weather and damp atmospheric conditions. In the 
design described below it represents a very satisfactory balloon-borne instrument. 

A conventional single field mill, isolated in space, will indicate the algebraic sum 
of two fields, the field due to a charge residing on the mill itself—referred to as 
“self-charge’’—and the field due to an external charge distribution, e.g. clouds and 
earth’s surface charge responsible for a vertical potential gradient. For potential 
gradient measurements in the free atmosphere it is, therefore, essential to make the 
instrument respond to the external field only. This can be achieved by the 
construction of a double field mill having a separate mill at both the upper and lower 
surface of the apparatus. One of the mills thus measures a field proportional to the 
sum and the other proportional to the difference of the external and self charge 
fields. This principle was used by GuNN (1948), and others who mounted two 
field mills on an aircraft, one on the under side and one on the top of the fuselage 
immediately above. However, in these investigations the two field mills were 
entirely separate instruments and the magnitude of the external field had to be 
deduced by forming the difference between their readings. Smippy and CHALMERS 
(1958), were the first to describe a double field mill in which the two rotors are 
mounted on a common shaft, their relative angular positions to each other being 
quite arbitrary and immaterial. The object of their development was the removal 
of self-charge on the instrument by servo-methods, each mill having its separate 
amplifier and rectifier and the circuit is so arranged as to bring the field mill to 
equipotential with its surrounding. Since the earth serves as reference the proposal 
is unworkable for a mill isolated in the atmosphere. 

Though the removal of self-charge from the instrument will minimize field 
distortion and the influence on space charge distribution, it is felt that normally 
with an apparatus of reasonably small dimensions the effect will be tolerably small. 
Furthermore, any charged metallic body suspended in air will lose most of its 
charge in an interval of about 10 min due to the presence of atmospheric ions, 
the actual time depending somewhat on humidity conditions, and this process will 
be accelerated with altitude due to the increase in air conductivity. Whilst it is 
possible to make allowance for the actual field distortion due to the field mill itself 
in its calibration, the effect of any charges accumulated on the apparatus will be 
mitigated by making the mill response insensitive to its self charge and by reliance 
on the fact that the metallic sonde will tend towards equilibrium with its 
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surrounding. More recently JONES et al. (1959) have described a double field mill 
of a cylindrical type in which the self charge is eliminated by subtraction of the 


two outputs electronically within the instrument. 


3. DESIGN CONSIDERATIONS 

Whilst Smrppy and CHALMERS (1958) require two separate amplifiers and 
rectifiers in the output of the upper and lower field mill, the present design deals 
with a double field mill made insensitive to the self-field component by connecting 
the two insulated stators in parallel and giving the two component rotors on their 
common driving shaft a suitable angular displacement. If, for example, stator and 
rotor sectors represent two opposite quadrants of a circular plate the top and 
bottom rotor are angularly displaced by 90°. In this case the two paralleled 
stators can then be considered as one whose area is equal to the combined area of 
the two component stators. A capacitor C (including strays) is connected between 
the stators and the earthed rotors, its value being large enough to swamp the small 
variable capacitance existing between the two during their rotation. Furthermore, 
the input voltage to the amplifier is developed across a resistor # parallel toC. The 
analysis for these conditions has been given by Daut (1951) and also by MAPLESON 
and WuirLock (1955). Using rationalized m.k.s. units the output voltage of our 
double ended field mill is then, assuming that w?C? Rk? > 1, 

y éo>f'A 

2C 
where A in our case is the combined stator area in square metres. Under the 
conditions stated, the output voltage is independent of the motor speed and 
proportional to the external electric field. Furthermore, if @ > 67 the effect of 
rain current and air earth current, as discussed by MAPLESON and WHITLOCK (1955) 
should be negligibly small. 

A diagram of the mill, indicating the relative rotor positions is given in Fig. 1. 
A very small 6 V d.c. motor with a reduction gear of 6:1 drives the common rotor 
shaft at a speed of about 750 rev/min. The shaft connects to either field mill via 
universal joints to eliminate alignment problems. The drive-shaft also carries a 
mechanical commutator for the indication of the sign of the field. The relative 
angular position of rotors and commutator, for which adjustment is provided in 
the construction, is readily achieved during the lining up of the equipment in the 
laboratory as described below. No difficulties were experienced with our 
commutator design, which was considered both simpler and less weighty than the 
phase-sensitive detector devices with their transformers and added battery drain 
as are suggested by GuNN (1954) and in MapLeson and WHITLOCK’s paper. The 
four-segment commutator was of a cylindrical type 2 in. diameter and { in. long, 
with two input brushes having an angular displacement of 90° running on the 
segments and two output brushes on two sliprings, one on either side of the 
segmented portion, so that they formed an integral part with two opposite 
segments. The effective surface area of a single rotor or stator amounts to 0-01 m? 
and as shown in Fig. | the upper rotor is displaced by one quadrant relative to the 
lower one. The separation between rotors and stators is about 4 mm, the loading 
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capacitance was 6000 pF and the input resistance of the amplifier 107 Q. Under 
these conditions the expression for the peak voltage quoted above applies so that 
the output of our double mill equals 1-5 mV for a field of 1 V/em. To mitigate 
contact potentials both stators and rotors were constructed from brass sheet and 


nickel-plated. 
The amplified and rectified output is applied to the grid of the Modulator tube 


Top field mill 





ae 




















H Commutator 


ae 
~ Rotor 














Stator | 











Bottom field mill 
Fig. 1. The double field mill, 


in the Bureau of Standard type Radiosonde and thus controls its squegging 
frequency. This squegging frequency, which is now a measure of the field. is 
impressed on the sonde’s r.f. transmission. After reception by the ground station 
(a ground plane aerial feeding into a sensitive super-regenerative receiver) the 
modulation frequency is measured by an electronic frequency meter, based on 
KARNSHAW'S (1956) design, whose output is applied to a chart-recorder. Adjusting 
the time constant in the modulator circuit for greatest sensitivity a frequency 
change of 30 c/s per V/em could be obtained with half-wave rectification. 
4. SELF-CHARGE COMPENSATION 

To appreciate the compensation effect employed the output voltage against 

rotor positions for the upper and lower mill are diagrammatically represented in 
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Fig. 2, both for the case where (a) the mill carries a self-charge without the presence 
of an external field, and (b) an external field is applied in the absence of any self- 


charge. 

Let us assume that in case (a) the insulated stators of the upper and lower field 
mill being connected together both carry a positive self charge. If rotation is 
thought to commence with the stators fully exposed and the rotors are in identical 
relative positions the output voltage shown for one cycle or 180° rotation will vary 


as in column (i). But if we displace the lower rotor (say) by 90° relative to the top 
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Fig. 2. Diagrammatic representation of the output voltage against rotor positions for the 
upper and lower mill. (a) Self field. (b) External field. (i) Top and bottom rotors in same 


angular position. (ii) Bottom rotor displaced by 90° in relation to top one. 
one, the lower stator will be fully covered as apparent from Fig. 1. It follows that 
whilst the voltage output of the upper mill is the same as before, the lower mill 
starts its rotation from the voltage minimum as shown in column (ii). 

Case (b) assumes the presence of a positive potential gradient, which by 
convention corresponds to a downward field direction. The upper mill stator 
exposed to the field will then have induced a negative surface charge on it whilst 
the lower stator carries a positive surface charge. Hence, if both rotors are in the 
same relative angular position as in (i) the voltage traces will show opposite trends, 
whilst with a 90° offset (ii) the curves become now identical. (For the peak 
voltages to be equal in the cases (a) and (b) the total self charge on the stators 
would have to be twice the value of the induced charge on each one.) 

Placing the stators in parallel, the output curves become additive, and then it 
is possible to have a double field mill with double the output of a single one and 
measuring either the self-charge on the apparatus alone when the rotors are 
co-phased or the external field only when the rotors are given a 7/2 relative 
angular displacement. 

In this connexion, it might be pointed out that using two double field mills side 
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by side, one set of mills co-phased and the other combination with a 90° off-set, one 
can envisage a circuit which will effect self-charge compensation as suggested by 
SMIpDY and CHALMERS (1958) down to the threshold of the mill sensitivity. 
Alternatively, if it were desired to measure both the external field and the self 
charge on the apparatus separately one could provide two sets of stators in the 
same plane, i.e. two pairs of opposite quadrants on one of the mill faces under a 
common rotor and arrange for automatic switching at appropriate intervals from 
one set of stators to the other. Yet for our own investigation using one double field 
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Fig. 3. General ‘“‘flow diagram’’. 


mill only having identical stators at top and bottom as in Fig. 1, and with rotors 
offset it is considered one of the fundamental advantages that the two mill-heads 
work into the same resistance—capacitance loading. In this way the a.c. output 
from the stators are combined in parallel and only one common amplifier and 


rectifier is required. 
5. Crrcutrr DEetTAILs 


Rotor and stators of the double field mill were mounted on top and bottom of 
an aluminium box whose dimensions were 10 in. x 10in. x 5in. This box 
contained the motor, commutator, batteries and electronic circuit, the general 
“flow diagram” of which is given in Fig. 3 and its detail in Fig. 4. 

The stators are followed by an r.f. filter to suppress pick-up from the 72 Me/s 
telemetering transmitter. The amplifier is single ended so that only half-wave 
rectification is used, thus sacrificing half of the obtainable voltage for the same 
gain. The reason for this is that one input brush on the commutator could be 
omitted, thus reducing the frictional load on the motor. In this case one of the 
output brushes is connected to chassis. Further, the single-ended electronics is 
simpler avoiding push—pull or phase-splitting circuits with their additional current 
drain, a major consideration in a flight instrument. 

The relay following the commutator connects one or the other commutator 
output brush to the chassis and at the same time connects the low-pass filter 
preceding the modulating squegging oscillator to the live brush. This arrangement 
allows the measurement of strong negative potential gradients for which the 
modulating range would be very limited in a positive direction. The switching is 
accomplished automatically by the calibrated “‘baro-switch” in the radiosonde. 
The contact number obtainable from the record gives the barometric height and 
since the contacts over which the baroswitch glides are only half the width of the 
insulating spacers, the switched positions are easily recognized from the record. 
This method was successfully employed in previous ascents with point discharge 
collectors and described by KREIELSHEIMER (1947). The low-pass filter, besides 
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smoothing the rectified waveform from the commutator also serves to minimize 
coupling between the squegging oscillator and the a.c. amplifier. 

The losses due to the use of half-wave rectification are made good by judicious 
choice of the grid—time constant of the modulating oscillator and by the reduction 
of its plate supply voltage from 90 to 45 V with a consequent increase of frequency 
change for the same change in d.c. grid bias. However, whilst these measures 
increase the sensitivity of the telemetering section, the output of the modulator 
tube becomes insufficient to ensure 100 per cent modulation of the carrier trans- 
mitter. A single-stage amplification inserted between the modulator and carrier 


























Fig. 5. Schematic diagram of the field mill suspension 
and aerial arrangement. 


oscillator readily overcomes this deficiency. To check for zero drift, which occurs 
with change in battery voltages, a zero reference reading is telemetered to the 
ground station. This reference corresponds to a zero input signal obtained by 
connecting the stators directly to chassis by means of selected contacts on the 
baroswitch as indicated in Fig. 4. Low temperatures encountered during the 
balloon ascents would influence motor speed and battery voltages. For high- 
altitude work this effect can be counteracted by the use of special low-temperature 
lubricating oil and by encasing the batteries in sealed thermos flasks. The motor, 
baroswitch, and associated leads required careful shielding. 

Fig. 5 shows a schematic diagram of the field mill suspension and aerial 
arrangement. The half-wave dipole (1) radiating the 72 Mc/s signal is arranged 
symmetrically with respect to the upper and lower field mill about 50 cm from the 
central drive shaft. All wooden spacers (2) are polystyrene impregnated. As 
suspensions (3) and aerial tensioner (4), nylon fishing line is used. 
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6. Timing oF RoToRsS AND CALIBRATION 

The correct position of the synchronous commutator relative to the fixed 
stators and rotors of the two field mills is accomplished by the observation of the 
commutator output on a cathode-ray oscillograph screen. To this end, the rotor 
of one mill is removed, to provide access to the commutator adjustment screws, 
whilst the other mill faces a plate positively charged relative to the field mill 
apparatus. The c.r.o. is connected to the unearthed commutator output brush and 
the commutator rotated until perfect half-wave rectification is observed. The 
commutator is then secured in this position. After replacing the rotor on the 
opposite mill with an approximate 90° offset and exposing this mill to the positive 
adjustment field, the stator of this mill is adjusted by turning it by a small angle 
until again perfect rectification from its output is shown. To facilitate this latter 
adjustment the stator carries small concentric slots straddling the position of its 
fastening screws. 

As a check of self-charge independence the instrument was then suspended from 
insulating lines in the centre of a reasonably large laboratory equidistant from its 
walls and connected to a variable d.c. high-voltage supply, when it was found that 
the response to self-charge was negligible. 

Calibration of the double field mill between widely separated charged screens 
of the necessary large dimensions to simulate free atmospheric conditions is not 
considered practicable. The calibration procedure adopted involved two separate 
steps. To determine the instrument's response one of the stators was disconnected 
and a range of calibrating fields was formed between the remaining active mill and 
a charged wire mesh screen, placed 50 em distant. To ensure a uniform field at the 
surface of the instrument it was surrounded by another screen whose plane 
coincided with the stator in use. The dimensions of both screens were 6 ft » 6 ft. 
The modulated radiated radio-frequency (with the aerial replaced by a dummy 
load) was received nearby and the modulation frequency measured for various 
field strengths. The voltage output of the double field mill corresponds then to a 
frequency of twice the calibrating field as the two outputs are additive and field 
and mill response are linearly related. 

The second step in the calibration serves to determine the influence of the field 
distortion due to the apparatus in free flight. The stator not used in the first step 
was reconnected and the complete instrument suspended in the earth’s field. The 
latter was measured accurately with a generating voltmeter sunk in the ground 
about 10m away with its stator flush with the earth’s surface. The true earth 
field F is then related to the field indicated F’ by a constant factor K so that 
F’ = KF. K, the “‘form factor” of the apparatus is generally >1 and merely a 
function of the shape and dimensions of the apparatus. It is a measure of flux- 
concentration obtained at the stators when the instrument is placed in a uniform 
field. For the double field mill described this form factor was equal to 1-2. 

A greater separation of the two generating heads, i.e. in a more elongated 
aluminium box, would lead to greater field distortion and, hence, to a larger value 
of K. ‘lhis method to increase the sensitivity further appears applicable both for 
the double mill in the free atmosphere as well as for a single mill mounted on a 


ground based pedestal. 
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7. CONCLUSIONS 

Preliminary tests have shown that the double field mill and a point discharge 
wire suspended in tandem from the same ballon produce unequal field readings. 
The result obtained with the field mill is approximately ten times higher than that 
from the collector wire method if no allowance is made for wind or ion velocity in 
the surrounding field*. However, more tests and especially free balloon flights have 
yet to be carried out and will be described and analysed in a separate paper 
when adequate results have become available. 
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Abstract—Recent analyses of magnetic and ionospheric data, notably by A. P. Nikolski, have resulted 
in spiral “‘precipitation”’ patterns which lead the authors to claim support for Stérmer’s theory of the 
aurora, Although it may be possible to argue against these claims by attacking the methods of analysis 
and /or the Stérmer theory itself, an entirely different approach is used in the paper presented here: an 
examination of pertinent points of Stérmer’s theory shows that the analytical spirals mentioned cannot 
be Stérmer spirals and this conclusion holds regardless of the soundness of the analyses and, indeed, of 
the validity of St6rmer’s theory. 


A NUMBER of papers have appeared in the literature during the past few years 
purporting to give support to Stdérmer’s theory of the aurora. Most of these claims 
of support are based on acceptable methods of data analysis combined with 
apparent similarities between spiral patterns arising in the analysis and St6rmer’s 
“line of precipitation’. In view of the increasingly apparent electromagnetic 
complexities of interplanetary space (e.g. the Van Allen radiation belts) and the 
unresolved logical difficulties faced by the Stormer theory, confirmation of the 
sort offered in the papers mentioned is surprising, to say the least. It was therefore 
thought useful to examine these claims of confirmation and some of the pertinent 
points of the theory in order to determine whether the claims are well based. It is 
found that, in fact, they are not. 

First, consider the spiral lines of precipitation as derived by STORMER (1955). 
Figs. | and 2 (STORMER, 1955, Figs. 158a and b) are a copy of one of Birkeland’s 
photographs showing the spiral pattern of fluorescence produced by electrons 
impinging on the surface of his terrella (Fig. 1) and the spiral derived by Stormer by 
application of his theory of electron motion in a dipole magnetic field (Fig. 2). It is 
clear (STORMER, 1955, Ch. VII) that in this case St6rmer’s computations were 
based on Birkeland’s experimental values for electron velocity, terrella dipole 
moment, etc. The spiral, then, is strictly a “‘laboratory” spiral and cannot properly 
be used for comparison with the results of geophysical data analysis unless the 
laboratory experiment is an accurately scaled model of the cosmic reality. Never- 
theless, this spiral is so used by Haae et al. (1959) and by Nrko.nsk1 (1956), 
although Nikolski has extrapolated the spiral into the geomagnetic pole. 

Another precipitation spiral given by STORMER (1955, Fig. 177) is based on the 
strength of the geomagnetic dipole and on an assumed velocity of the particles 
(protons) emitted by the sun. St6rmer was able to show by the use of this spiral, 
shown in Fig. 3, that for certain values of the integration constant y there may be 
tremendous east-west elongation of the region of precipitation, explaining, 
according to Stormer, the long rayed arcs actually observed extending hundreds of 
times farther east-west than they do north-south. 

In attempting to relate this spiral to auroral observations as summarized by 
Fritz, STORMER (1955, Fig. 16) assumed that the inside (poleward) edge of the 





Fig. 1. The line of precipitation on the sphere from Birkeland’s experiments. 
(STORMER, 1955, Fig. 158a). 
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auroral ‘“‘belt’’ was limited by the natural limitation in possible values of solar 
declination and that the outside edge corresponded more-or-less to the lower 
latitude boundary of the spiral, i.e. that the whole latitude range of the spiral was 
included in the auroral belt. In order to move the theoretical auroral belt to the 23 
colatitude required for agreement with auroral observations, he postulated the 
existence of a ring current having a magnetic field strong enough to deflect the 








Fig. 2. The line of precipitation on the sphere from the theory. (STORMER, 1955, Fig. 158b). 


incoming particles sufficiently and weak enough to affect the surface values of the 


terrestrial magnetic field only slightly. It should be emphasized that the ring 


current was hypothesized for this purpose although perhaps suggested by certain of 
Birkeland’s experiments (and Stdrmer’s theoretical studies of them) in which 
circular equatorial electron orbits were discerned. Unfortunately the addition of 
even this relatively simple hypothesis greatly complicates the theory. The spiral 
as such has not been derived for the ‘“‘new”’ conditions, i.e. dipole field plus ring 
current field. 

It is likely, however, that the addition of a ring current to the theory will 
result in decreasing the latitude of the inside edge of the auroral belt as well as the 
outside edge and the spiral would probably be contained in a latitude range only 
slightly greater than that found for the dipole field alone, i.e. little more than 
about 5°. STORMER (1955, p. 345) states, moreover, that such a ring current will 
tend to concentrate corpuscles with very different values of Hp (stiffness) in the 
auroral belt. In any case, the complete theory has not been developed. 

In Fig. 3 it is seen that a parameter y, not heretofore mentioned, varies along 
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the spiral. From Stérmer’s derivation, it is seen that y is the declination of the 
source and, therefore, that the spiral as shown (if St6rmer’s theory is correct) 
could result experimentally from, say, a year’s observations (during which the 
solar declination will vary through its entire range). In other words, only discrete 
points on the spiral would be “‘illuminated” at a given instant, and this is contrary 
to the suggestion of Hakura et al. (1958) based on a study of specific periods of 
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Fig. 3. Line of precipitation of positive corpuscles coming down round the magnetic axis. 
The spreading out corresponding to auroral arcs, is seen near maxima and minima of yp. 
(STORMER, 1955, Fig. 177). 


world-wide blackout activity, during which instantaneous spiral patterns seem to 
occur. The elongation of the precipitation region discussed by Stormer (to explain 
the long rayed ares) is less by an order of magnitude or so than that required for an 
instantaneous display of a substantial portion of the spiral. NikKoLSKI (1956) too, 
has apparently misinterpreted the Stormer spiral since he speaks of his observa- 
tional spirals as lines of ‘‘simultaneous occurrence of magnetic disturbance.” 

These arguments cannot be offered as opposing MEEK’s (1955) suggestion of a 
“modified” St6rmer theory since, in fact, if the modifications can be carried out, 
the theory will be so different from St6rmer’s as to be essentially new. 

In a more recent paper in the series suggesting confirmation of Stérmer’s 
theory, NrKoLskt (1956) has pointed out the bunching of points at various locations 
along the spiral in Fig. 3. These points correspond to discrete values of y, the 
declination of the source. Nikolski suggests that as the earth rotates diurnally 
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under this spiral, the high point-density sections of the spiral will trace out ‘‘aur- 
oral zones”’ or regions of increased magnetic activity. In Fig. 3 there are four such 
high point-density sections and therefore, according to Nikolski, four auroral 
zones will occur: the inner one corresponds to the zone of “‘polar activity’, i.e. the 
region of Nikolski’s ‘“‘morning maximum” and the second and third from the pole 
are responsible for the “usual” auroral zone. He arbitrarily assumes, apparently, a 
change in shape of the Stérmer spiral to suggest that the fourth is much farther 
south, perhaps passing through Bombay! Nikolski does not account for the great 
latitude discrepancy found between the St6rmer spiral shown in Fig. 3 and the 
hypothetical Nikolski spiral reaching into equatorial regions. It has been pointed 
out that the assumption of a ring current is not sufficient and it can easily be 
shown that particles of greater stiffness (higher velocity) cannot produce the 
desired effect. It is of interest to note that the St6érmer spiral can be extended 
beyond the point at which Stérmer stopped plotting so it would be just as reason- 
able to insist, say, on six auroral zones. It is at first suggestive that the sections of 
high point-density occur around the points for which y = 0, i.e. at the equinoxes, 
the “traditional” time of greater magnetic activity. However, Mayaup (1956) 
has shown that the morning maximum is also a summertime maximum and 
further doubt is cast on Nikolski’s conclusions. 

Although it is easy to believe in large scale distortions of the Stérmer spiral 
from its regular theoretical shape in the dipole field to something far different in 
the actual geomagnetic field, it is improper to accept wholly arbitrary distortions 
on this basis, i.e. without some specific theoretical arguments. Merely to state, for 
example, that the earth’s field is quite different from the dipole field assumed by 
Stormer is insufficient argument for claiming that ‘“‘any old”’ spiral can be called a 
Stormer spiral. 

There is no point in suggesting that while the data spirals are not exactly 
St6rmer spirals, they are “St6rmer-like’: the same reasoning suggests that the 
logarithmic spiral (log , = a4) is Archimedes-like (r = a9). We cannot invoke a 
broad spectrum of particle velocities to explain the serious differences between the 
Stérmer spiral and the “‘St6rmer-like” spirals since such a spectrum of velocities 
would result in a set of spirals—a “‘smear”’ of spirals, if you will—especially if 
attention is paid to the time of arrival of the particles of various velocities: the 
outstanding characteristic of the spirals resulting from the various analyses 
presented is their high degree of coherence for a relatively wide range of latitude. 

The Stormer theory as it stands cannot account for the spirals observed; the 
ring current hypothesis does not help; higher velocity particles will not explain 
them; and finally, the assumption of a wide range of velocities will be of no use. 

It should be remembered that, for the most part, auroral theories have been 
concerned with the ‘larger’ problems of the world-wide occurrence of magnetic 
disturbance, such as the observed time sequences, rather than with the “‘little” 
problems so elegantly treated by St6rmer such as auroral form (e.g. the long rayed 
ares, horseshoe-shaped draperies). With this difference in emphasis, it is hardly 
correct to claim that an observational spiral supports Sto6rmer’s theory at the 
expense of the others, because, in fact, for the more recent theories nobody knows 
what shape would be expected for the “‘line of precipitation.” Mayaupb (1956) has 
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made a careful study of polar magnetic activity in which he presents cogent 
arguments for the use of the ‘‘field at an altitude” and local magnetic time. 
Although, at one point, he presents a spiral precipitation pattern, he uses it only 
as an aid in presentation of his data rather than as ‘“‘proof”’ of Stérmer’s theory. 

The above comments are not meant as an indictment either of spiral presenta- 
tions of the results of data analysis or St6rmer’s theory. They are intended, 
however, to suggest that, in spite of first appearances, the spiral presentations 
appearing recently in the literature are incompatible with the Stormer theory and 
that, in any case, the theory must be greatly extended before comparisons of the 
sort recently made have any meaning at all. 
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The variation of the rate of fading with frequency 
(Received 18 May 1960) 


As early as 1932, APPLETON had observed that the intensity fluctuations of the downcoming 
radio waves exhibit a kind of periodicity which is roughly proportional to their frequency. 
He also found that if 7 is the period of the fluctuations and / the wave-length, 7'// increases 
monotonically with distance. During later years a number of workers (Pawsery, 1935; 
Harwoop, 1951; BowntLi, 1953; Kine, 1958) have determined the periodicity of 
fluctuations, i.e. the fading speed for a wide range of frequencies with different angles of 
incidence. Kine (1958) has shown that if the night-time rate of fading is plotted against the 
frequency of radio signal multiplied by the cosine of the angle of incidence then the points 
are found to be scattered about a straight line represented by the equation: 


fading speed = 0-30 « f cos 7 max./hr 


where f is the frequency in ke/s, and 7 is the angle of incidence on the ionosphere. The 
frequencies considered by Kina were up to 2000 ke/s and only two of them were for 
reflections from the F-region. 

The present authors have determined in their laboratory the night-time fading speed of 
radio signals transmitted from A.I.R., Delhi, in the frequency region 9605-17,783 ke/s. The 
values are given in Table 1 and are the mean of a large number of observations taken 
between 2300 and 0215 hours I.S.T. during different parts of the year. All the observations 
were for reflections from the F2-region. In calculating the values of cos 7 the height of the 
F2-region was assumed to be 300 km which was the mean of the values recorded over 
Calcutta and Delhi during the periods of observation, and the curvature of the earth was 
allowed for. The value of cos ¢ thus calculated was 0-598. 


Table 1. 





Frequency (ke/s) aia d (night) 
9609 1956-0 
9671 1939-8 
9710 1969-8 
9731 2419-8 

11,710 1930-2 

11,728 2088-0 

11,938 1999-8 

15,106 2347-8 

15,159 2541-0 

15,167 2283-6 

17,783 2338-8 
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The values of the fading speed for different values of f cos 7 as obtained from the above 
table and those given in Table 3 of the paper by Kine (1958) are plotted in Fig. 1. It may be 
noted that the points lie scattered about a straight line represented by an expression 
similar to that given by Kine (1958) except that the value of the constant is found to be 
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Fig. 1. Fading speed (max./hr) related to f cos i, where 7 is the angle of incidence on the 
ionosphere, (The points / are plotted with both sides multiplied by 100 and points [j with 
both sides multiplied by 10.) 
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Fig. 2. Fading speed (max./hr) related to f cos 7, where 7 is the angle of incidence on the 
- ] / 4 : : g 
ionosphere (F’-region). 


()-28 instead of 0-30. In Fig. 2 the fading speed for signals reflected only from the F-region 
are plotted against different values of f cos 7. In this case also the points lie scattered about 
a straight line whose constant is 0-28. All these observations confirm the earlier conclusions 
of APPLETON referred to above. 
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The belt of equatorial spread-F 
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Abstract—The morphology of the belt of equatorial spread-F at sunspot maximum is investigated, using 
I.G.Y. data, for magnetically quiet and magnetically disturbed conditions respectively. The belt is 
found to extend from about 30°S to 30°N in magnetic latitude and to have a region of very high incidence, 
exceeding 90 per cent for the early part of the night, about 20° wide in latitude and centred on the dip 
equator. In Africa and India there is little seasonal variation in quiet-day incidence, but a marked 
seasonal variation occurs in the American zone where there is a pronounced minimum in local winter. 
Throughout the whole belt from 30°S to 30°N there is a strong inverse correlation between spread-F 
incidence and magnetic activity. Moreover the post-sunset rise of the base of the layer, which usually 
precedes the onset of spread-# shows a marked positive correlation with spread-F incidence within the 
belt. No existing theory seems adequate to account for all of these facts but it seems likely that hydro- 
magnetic disturbances are involved. 


1. INTRODUCTION 


Some evidence has already been given by Wriaut et al. (1956), by Lyow et al. 
(1958), and by Wricut and SKINNER (1959) of the surprising inverse correlation 
between magnetic activity and the occurrence of spread-F at low latitudes, in 
contrast to the direct correlation observed at higher latitudes. We have now made 
a more comprehensive analysis than was attempted in these earlier papers, covering 


a 12 month period of the I.G.Y., and using data from all available stations 
within about 40° north or south of the magnetic equator, and also from a selection 
of stations at higher latitud-s. A similar though less comprehensive study has 
recently been made by Surm‘zakt (1959). We have in addition made a parallel 
study of another well-known characteristic of the equatorial /-layer namely the 
rapid rise in its minimum virtual height (’F) just after local sunset. A possible 
connexion between this height-rise and the development of spread-F conditions was 
suggested by Booker and WELLS (1938), by OsBoRNE (1952), and more recently 
by Martyn (1959). 

Our aims in this study have been: (1) to delineate more precisely than has been 
possible hitherto the limits of the belt of equatorial spread-Ff’, i.e. the region 
within which spread-F is a common occurrence under magnetically quiet con- 
ditions, and is inhibited in conditions of magnetic disturbance; (2) to investigate 
any seasonal changes in this belt; (3) to investigate the time of onset and duration 
of spread-F within the belt; and (4) to compare the morphology of equatorial 
spread-F with the morphology of the post-sunset rise in h’F. The detailed charac- 
teristics of equatorial spread-F at a single station will be dealt with in a companion 
paper. 

2. DETAILS OF THE STATISTICAL ANALYSIS 

Data were collected from fifty-seven stations altogether, forty of magnetic 

latitude less than 40° N or 8, and seventeen at higher latitudes, for the 12 month 
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period from November 1957 to October 1958. This period was divided into three 
seasonal groups, corresponding to northern summer (S), equinox (#) and northern 
winter (WW); and in each group the 10 most quiet and the 10 most disturbed days 
were selected. (The days were chosen as far as possible so that the greater part of 
the night and of the previous day were quiet, or disturbed, at all longitudes). 
For a few stations data were not available for the later months of 1958 and in those 
cases data for the corresponding months in 1957 were used. Where data were not 
available for a required day (because of equipment failure for example) data for 
another day of comparable degree of quietness or disturbance were substituted. 

In the first instance published data alone were used but wherever possible—in 
particular for Singapore, Huancayo, Chimbote, Tamanrasset and Dakar—a 
separate reduction was made from the ionograms. Revised figures based on this 
independent reduction were used in the case of Singapore, and for the French 
stations, but not for the stations in the American zone, because of the high 
internal consistency of the results for this zone. (See Section 3.2.) 

For each selected day the incidence of spread-F throughout the night-time 
hours (usually 1900 to 0600 hours inclusive) was determined at each station. 
When using published tables of f,/2 to determine the occurrence frequency of 
spread-F we considered spread-F to be present if f,/2 was qualified by the 
symbols UF, JF, DF or EF, or if the numerical value was replaced by F. If the 
numerical value was simply accompanied by the descriptive symbol F for a series 
of consecutive hours, then, on the presumption that this indicated a rather low 
intensity of spread-/’, each pair of such consecutive values was counted as one 
occurrence of spread-F. The average number of occurrences of spread-F during 
the 12 night-time hours (1900 to 0600 hours inclusive) was expressed as a 
percentage and this percentage occurrence frequency (®) was computed for each 
seasonal group of 10 quiet and 10 disturbed days at each station. The average 
percentage occurrence frequency at each hour of the night (¢) was also computed 
and used to study the nocturnal variation of spread-F incidence. The mean 
values of h’F at each of the hours 1700 to 2100 hours inclusive and 0000 hours 


were also computed, again for each group of 10 days at each station, and the 


maximum height reached (h,,,,,/) was noted. 

Since the characteristics of spread-F incidence appeared to vary with longitude 
certain zonal groupings were used. For most purposes the fifty-seven stations 
were grouped into three zones: the American zone (longitudes 45° W to 85° W), 
the Europe—Africa—India zone, or briefly the Afro—Indian zone (longitudes 20° W 
to 80° EF), and the East Asian zone (longitudes 100° E to 160° E). h’F data were 
available for fewer stations and for height studies the last two zones were combined 


into a ‘“‘continental zone.”’ 


3. THE RELIABILITY OF THE Data 
Fig. 1 shows the variation with magnetic latitude of the total spread-F' occur- 
rence frequency (®) over the whole night for magnetically quiet conditions (open 
circles and full lines) and for magnetically disturbed conditions (crosses and 
dashed lines). There are nine graphs to show the variations separately in each 


season and each zone. 





The belt of equatorial spread-F 
3.1. The dispersion of the points 
Various factors contribute to the dispersion of the points in these graphs. 
Clearly the use of published tables of f, 42 does not provide a completely objective 
criterion for the presence of spread-F, because despite the almost universal 
acceptance of the recommendations of the World Wide Soundings Committee of 
U.R.S.1./A.G.I. relating to the reduction of ionograms, there have undoubtedly 
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Fig. 1. The variation with magnetic latitude of the total spread-F occurrence frequency 

over the whole night, ®, for magnetically quiet conditions (open circles and full lines) and 

disturbed conditions (crosses and dashed lines). (a) American zone. 
(b) Afro—Indian zone. (c) East Asian zone. 


magnetically 
been considerable variations from station to station in the interpretation of the 
rules for the use of the symbo! F. Furthermore, the extent to which spread-/ 
conditions affect the “‘legibility” of {,/2 may depend on the sensitivity and other 
characteristics of the ionosonde used. Within the American chain at most stations 
the same type of ionosonde was used, and the reduction of ionograms was centrally 
controlled by the ionospheric section of the Central Radio Propagation Labora- 
tories, Boulder. In addition the longitude varies little through this chain. Under 
these favourable conditions it will be seen that the points deviate only slightly 
from the smooth curves. On the other hand in the Afro—Indian zone there are 
many different types of ionosonde in use, many different organizations controlling 
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the reductions and there is rather a wide range of variation in longitude. It is not 
therefore surprising that there is greater dispersion of the points in this case, but 
the broad features of the belt are nevertheless sufficiently clear. In the East Asian 
zone the lack of dispersion is perhaps mainly due to the paucity of stations in this 
zone. 


3.2. The level of spread-F in the American zone 

A glance at Fig. 1 shows that in the American zone levels of incidence of 
spread-F appear to be much lower than the corresponding levels in the other two 
zones. However, a careful check of the world-day ionograms for Huancayo and 
Chimbote at the World Data Centre, C2, at Slough showed that this difference 
arises at least to a large extent from slightly different conventions of reduction and 
possibly also to some extent from the different characteristics of the ionosondes in 
common use in this zone. At the American stations the qualifying letter F is not 
used if a sharp value of f, 2 can be measured, even when considerable spreading of 
echoes is present near the critical frequency. It may also be that a fast-sweep 
high-power ionosonde tends to give cases of this kind more frequently than the 
types in common use elsewhere. In any case when reduced in the same way as at 
Ibadan the Huancayo ionograms available at Slough for the equinox months of the 
1.G.Y. yielded a value of 69 per cent for the spread-F incidence as against 75 to 
85 per cent for comparable conditions at Ibadan, which is hardly a significant 
difference. It seems likely therefore that, at least at equinox, levels of spread-F 
incidence are similar in all zones. 

It is clearly desirable, however, (a) that consistent conventions of reduction for 
spread-F conditions should be universally adopted, (b) that the effect of different 
ionosondes on the apparent intensity of spread-F should be investigated, and 
(c) that the relative levels of spread-F incidence in different zones should be 
studied more closely. It may be remarked that several other variations of con- 
vention in the reduction of ionograms were noticed in the course of the present 
analysis. For example at some stations other letters such as R, S or C (indicating, 
respectively, absorption near the critical frequency, interference and equipment 
failure) were preferred in cases where F would normally be considered the correct 
symbol. 

4. THE QUIET-DAY SPREAD-F BELT 
4.1. The geographical extent of the belt 

Examination of Fig. 1 shows that broadly speaking the characteristics of the 
spread-F belt are similar in all seasons in the Afro—Indian zone and in all zones at 
equinox (middle column and middle row, respectively, of Fig. 1). In all these 
cases there is a broad maximum of quiet-day incidence centred approximately on 
the magnetic equator and extending from about 10° 8 to 10° N, magnetic latitude. 
Beyond this region spread-F' incidence decreases rather sharply northwards and 
southwards, reaching a minimum or null between 30° and 40° north or south, and 
then begins to increase again slightly at higher magnetic latitudes. It will be 
convenient to distinguish between the whole equatorial belt, extending out to the 
null regions in middle latitudes, and usually 60° or more in total width, and the 
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Fig. 2. Contour charts for the Afro—Indian zone showing variation of spread-F incidence 
at the 10, 50 and 90 per cent levels through the night as a function of magnetic latitude 
and local time. (a) Northern winter. (b) Equinox. (c) Northern summer. 
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Fig. 3. Contour charts for American zone showing variation of spread-F incidence at the 
10, 50 and 90 per cent levels through the night as a function of magnetic latitude and local 
time. (a) Northern winter. (b) Equinox. (c) Northern summer. 


narrower high-incidence belt, usually about 20° wide in latitude, near the magnetic 
equator. It may be noted that the width even of the high-incidence belt is con- 
siderably greater than the reported widths either of the belt of equatorial F£, 
(about 10° according to Marsusuira, 1951) or of the equatorial electrojet (about 4° 
according to ONWUMECHILLI, 1959). 

The equatorial spread-F' belt can be studied further in Figs. 2, 3 and 4. Figs. 2 
and 3 show by means of contour charts the variation of spread-/’ incidence 
throughout the night as a function of magnetic latitude. Contours are shown for 10, 
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50 and 90 per cent incidence on a graph whose abscissae represent local time (or 
longitude) and whose ordinates represent magnetic latitude. Fig. 2 gives the 
results for the Afro—Indian zone and Fig. 3 those for the American zone. In each 
case the three seasons have again been treated separately both for quiet and 
disturbed conditions. Insufficient data were available in the case of the East 
Asian zone to give a reliable chart of this kind. 

Fig. 4 shows the mean nocturnal variations of spread-F incidence (¢) near the 
magnetic equator, i.e. for the high-incidence belt, in the three seasons. In Fig. 4(a) 
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Fig. 4. (a) Mean nocturnal variations of spread-F incidence ¢ for a group of seven stations 


near the magnetic equator in the Afro- Indian zone. (b) Mean nocturnal variations of d for 
a group of five stations near the magnetic equator in the American zone. 


mean curves are shown for a group of seven stations in the Afro—Indian zone 
having magnetic latitudes ranging between 34° N and 11° 8; and in Fig. 4(b) mean 
curves are shown for a group of five stations in the American zone having magnetic 
latitudes ranging between 63° N and 23°S. 

From Figs. 2 and 4(a) it is clear that for the Afro—Indian zone, in the high- 
incidence belt, spread-F incidence exceeds 90 per cent from 2000 to 0000 hours in 
winter, from 1930 to 0000 hours in equinox and from 2030 to 0230 hours in summer. 
The modal time of onset (i.e. the most frequent onset time as judged from the time 
of maximum slope in Fig. 4) is about 1930 hours in winter, 1900 hours in equinox 
and 1945 hours in summer. Thus spread-F begins about 1 hr after local ground 
sunset in equinox and somewhat later, about 14 hr after local ground sunset, in 
the other two seasons. In winter and equinox spread-F incidence reaches a 
maximum at about 2100 hours and then decreases steadily but slowly for the rest of 
the night until sunrise when there is a sharp fall. In northern summer the 
maximum incidence is maintained much longer—for some 4 or 5 hr altogether 
and thereafter, from about 0200 hours, there is a rather sharper drop than 
in the other seasons. 

Figs. 3 and 4(b) show the corresponding variation in the American zone. 
According to the evidence given in Section 3.2 it seems likely that the 50 per cent 
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contours in Fig. 3 correspond roughly to the 90 per cent contours in Fig. 2. In the 
equinox case the situation is thus similar to that in the Afro—Indian zone but the 
modal time of onset is almost } hr later, at about 1930 hours, and the decline after 
2200 hours is much more rapid than in the Afro—Indian zone. Whether these 
differences are real or due to differences in the method of reduction is not known. 
Northern winter in the American zone has characteristics similar to northern 
summer in the Afro—Indian zone, time of onset being later than at equinox, 
occurring at about 2030 hours, and maximum incidence being maintained until 
after 0200 hours. In Fig. 1 the position of the geographic equator is indicated by 
arrows and the regions of local summer and winter are indicated by the ringed 
letters (S) and (W). In the Afro—Indian zone the magnetic equator is about 10° 
north of the geographic equator so that at low magnetic latitudes northern summer 
is also local summer. In the American zone, however, near the magnetic equator, 
which in this case lies about 12° south of the geographic equator, northern winter 
represents local summer. This suggests that the persistence of spread-F conditions 
at maximum level late into the night is a characteristic of local summer. 

The period of duration of spread-F conditions in local time can also of course be 
taken to give the average extent of the belt in longitude on the dark hemisphere of 
the earth. Near equinox the extent and intensity of the belt remain roughly 
constant relative to the magnetic equator as the earth rotates. Near the solstices, 
however, when in some regions the sun is over 40° in declination from the magnetic 
equator, the characteristics of the belt vary quite considerably with longitude. 
We consider this point further in the next section. 


4,2. Seasonal variations in the spread-F belt 

SHIMAZAKI (1959) has noted a general tendency for spread-F to be more 
common in local summer than in local winter. The present data show that this is 
true for all stations in the high-incidence part of the equatorial spread-F belt. Thus 
in the American zone from a few degrees south of the geographic equator to 
about 20° south of the magnetic equator both on quiet days and disturbed days, all 
stations show markedly greater incidence of spread-F in local summer (November 
to February) than in local winter (May to August) when in fact the incidence falls 
almost to zero. That this has been consistently the case for Huancayo was reported 
by WELLS (1954) in a study covering the years 1938—1943, including both years of 
sunspot maximum and sunspot minimum. This appears therefore to be a regular 
feature of the spread-F morphology in this zone. Another aspect of this effect is the 
clear seasonal movement of the maximum of the belt from about 5° 8 to about 5° N 
of the magnetic equator following the same direction as that of the seasonal 
movement of the sun. The belt is also narrower in both the solstice seasons than it 
is at equinox. 

In the East Asian zone the position is similar. Although the data are scanty 
the spread-F incidence is again greater at any rate on quiet days in local summer 
than in local winter when the levels are very low, and levels are generally lower in 
solstice seasons than at equinox. 

In the Afro—Indian zone the seasonal behaviour differs somewhat from that in 
the other zones. In particular quiet-day incidence remains high in all seasons from 
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at least 10° N to 10° 8S magnetic latitude. That this is the case for African stations 
at sunspot minimum also has been shown by WricuHtT and SKINNER (1959). The 
difference between zones is so marked that it can hardly be due wholly to different 
conventions in reduction. We must therefore draw the rather surprising conclusion 
that in solstice seasons spread-F incidence is substantially higher in the Afro- 
Indian zone than elsewhere in the world. 

The tendency to greater incidence in local summer does, however, appear quite 
markedly on disturbed days in the Afro—Indian zone, as Figs. 1 and 2 clearly 
show. Indeed it might well be that the effect would also appear on quiet days if the 
spread-F incidence were not already at saturation level, for it will be noted in Fig. 2 
that the incidence already exceeds 90 per cent over a large part of the night in all 
seasons at the centre of the belt. 

It may also be part of the same effect that, as we have already noted, both in 
the American and Afro—Indian zone spread-F continues later into the night in 
local summer than local winter. 


4.3. Comparison of correlations with magnetic, geomagnetic and geographic latitude 


We have so far assumed that it is better to plot against magnetic latitude 
(i.e. the latitude corresponding to the local magnetic dip) than against geomagnetic 
latitude (based on the mean dipole field) or geographic latitude. The approximate 
position of the geographic equator is shown for each zone in Fig. | and it is clear 
that the axis of symmetry of the belt is in all cases (and especially at equinox) 
much closer to the magnetic than the geographic equator. To differentiate between 
magnetic and geomagnetic co-ordinates is less easy since in most parts of the 
world they differ only slightly. In Africa, however, where there is a separation of 
some 13° between the magnetic and geomagnetic equators, a clear decision 
between the two is possible. We have therefore plotted in Fig. 5 the variation of 
spread-F incidence (®) at equinox, for the African stations only, against geo- 
magnetic, geographic and magnetic latitudes, respectively. These graphs establish 
beyond doubt the superiority of magnetic to geomagnetic or geographic latitude so 
far as spread-F morphology is concerned, and show the importance of using 
magnetic rather than geomagnetic co-ordinates in studies of this kind. 


5. THE INCIDENCE OF SPREAD-F DURING MAGNETIC ACTIVITY 

The dashed-line curves of Fig. 1 and the lower sets of curves in Figs. 2 and 3 
show that, with the exception of northern summer in the American zone there is in 
every case a marked reduction in the spread-F index ® under magnetically dis- 
turbed conditions, over all or most of the quiet-day spread-F belt. Only in 
northern summer in the American zone when incidence levels are very low is there 
no reduction but if anything a slight increase in the values of ® during magnetic 
disturbance. In the same season in the Afro—Indian zone the reduction under 
disturbed conditions although still evident is much less marked than in equinox or 
winter. It seems natural to identify this effect with the general enhancement in 
spread-F observed under quiet conditions in local summer, as noted in the 
previous section. 
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In general there is a fairly sharp change-over from the inverse correlation of 
spread-F with magnetic activity typical of equatorial regions to the direct correla- 
tion typical of higher latitudes. In most cases and especially at equinox the change- 
over occurs close to 30° N or 30° S in all zones and consequently the belt of inverse 
correlation coincides closely with the total width of the quiet-day spread-F belt. 
In a recent study SHimazakt (1959) reaches rather similar conclusions. 
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Fig. 5. The variation of spread-F incidence at equinox, for the African stations, plotted 
against (a) geomagnetic latitude, (b) geographic latitude, and (c) magnetic latitude. 


6. CORRELATIONS BETWEEN SPREAD-F AND F-LAYER HEIGHTS 

As an index of the post-sunset rise of the F-layer we have used /h,,,./, the 
maximum value of h’F between 1800 and 0000 hours. Since f)# is small at this 
time, h’F should give a good indication of the true height of the base of the layer. 
Moreover measurements of h,,F at Ibadan for this period of the night suggest 
that under quiet or moderately disturbed conditions, h,,/ rises at approximately 
the same rate as h’F. In any case, since equatorial spread-/ generally affects the 
base of the layer in the early evening, the movement of this region may be as 
important as that of the maximum. /’F usually rises to its maximum, whether 
this is low or high, in approximately the same time—about 2 hr—each evening, so 
that the parameter h,,,,/, as well as giving the actual height reached by the base 
of the layer also gives a fairly good index of the mean rate of rise of the layer. 
On some theories the rate of rise would be more important than the actual height 
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reached, but since these parameters vary together it has not proved possible to 
distinguish statistically between the two possibilities. 

Mean values of h/,,,F have been calculated for the same groups of days and 
where possible for the same stations as in the case of the spread-F index ®. Data of 
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Fig. 6. The variations with magnetic latitude of hax, the maximum post-sunset value of 

h’F for the American and continental zones, in the three seasons. The corresponding 

variations of spread-F incidence, ®, redrawn from Fig. 1, are also shown in the lower part of 

each graph. (a) Continental zone. (b) American zone. (i) Northern winter. (ii) Equinoxes. 

(iii) Northern summer. 

h’ F were not, however, available for all the stations used in the spread-F analysis— 
particularly in the East Asian chain—and as explained earlier we have therefore 
combined the Afro—Indian zone and the East Asian zone into a single ‘‘continental 
zone’. The six graphs in Fig. 6 show the variations of h;,,, Ff with magnetic latitude 
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for the two zones—American and continental—in the three seasons. For ease of 
comparison the corresponding variations of the spread-F occurrence frequency ® 
(redrawn from Fig.1) are shown in the lower part of each graph and in the interests 
of clarity individual points have not been shown. The scatter of the ® data has 
already been shown in Fig. 1; and in the case of the h/,,,/ data the individual 
points for the quiet-day variations were found to deviate very little from the 
smooth curves shown, though, as might be expected, there was rather more 
dispersion of the points for the disturbance variations. 

A glance at Fig. 6 shows that there is a broad general agreement between the 
two variations and the following points of detailed coincidence are worth noting. 

(i) The agreement in the maxima. In the American zone, where the consistency 
of the data is, as we have seen, particularly good, the maximum of the hj,,,.F 
curve follows exactly the seasonal movement of the spread-/ maximum, the 
latitudes of the two maxima never differing by more than a degree. 

(ii) The closely similar widths of the belts. Thus the range where h’F rises 
above 285 km corresponds very well with the total width of the spread-F belt. 
Further the range where h’ F rises above 385 km corresponds well with the range of 
latitudes where the spread-F incidence is high. A particular example of this 
agreement is the fact that in summer in the American zone where h’# nowhere 
rises above 390 km spread-F is quite rare throughout the belt. We may thus 
conclude that at sunspot maximum under quiet conditions where h’F rises after 
sunset to about 400 km or more the incidence of spread-/ is high, but where h’ F 
remains well below 300 km the incidence of spread-F is zero or very low. 

(iii) Disturbance correlations. It is readily seen that in every case where the 
occurrence frequency of spread-F is diminished during magnetic disturbance 
there is a corresponding diminution in the rise of h’F; and in the one case (viz. 
northern summer in the American zone) where there is no diminution of spread-F, 
there is also no diminution of heights. It is of interest to consider whether the 
correlation between ® and h,,,,/ is broadly the same under quiet and under 
disturbed conditions, i.e. whether on the average a given height corresponds to the 
same occurrence frequency of spread-/ whether the conditions are magnetically 
quiet or disturbed. If this were so we should be entitled to claim that either the 
actual height reached, or possibly the rate of change of height, was the principal 
factor determining the rate of occurrence of spread-F. In an attempt to answer 
this question we have plotted hj,,,/ against ® from the smoothed curves of 
Fig. 6, obtaining the six pairs of curves shown in Fig. 7. This figure shows that for 
equinox in the American zone and for both equinox and winter in the Afro— 
Indian zone the values of the spread-F' occurrence frequency ® are much less on 
disturbed days than the values at the same heights on quiet days. In other words, 
in these cases at least it seems that spread-/ is reduced by some additional factor 
other than the reduction caused by the lower heights of the base of the layer. 

(iv) We shall show in a companion paper that there is also some correspondence 
between the variations of ¢ and h’F throughout the night. In particular when 
it is local summer near the dip equator—both in the Afro—Indian zone and in the 
American zone—¢ continues at a high value for several hours after midnight, and 
h’ F also remains high during the same period. Moreover although in other seasons 
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the spread-F incidence ¢ may remain fairly high in the later part of the night even 
when h’F falls to 250 km or lower, the character of the phenomenon changes. 
In this post-midnight period the spreading tends to become concentrated in the 
region of the critical frequency, indicating that the irregularities are situated high 
in the layer, near the level of maximum electron density. This phenomenon is to be 
discussed more fully in the companion paper already referred to. 
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7. The variation of h’ max with spread-F incidence ®, the values being taken from the 
smoothed curves of Fig. 6. (a) Afro—Indian zone. (b) American zone. 


Finally we may remark that GopaLa Rao et al. (1960) have recently found a 
close day-to-day correlation between the rise of h’F between 1800 and 1900 hours 
and the peak intensity of spread-Ff at or near 2000 or 2100 hours at Waltair 
(South India), a result which provides further confirmation of the above con- 
clusions. 

7. Discussion 

According to the foregoing analysis equatorial spread-F has the following 
major characteristics: 

(1) A broad belt of maximum incidence about 20° wide in latitude, centred on 
the magnetic (i.e. local dip) equator. 

(2) A null region in the neighbourhood of 30° to 40° N or 8, magnetic latitude. 

(3) Strong inverse correlation with magnetic activity. 

4) Strong positive correlation with prior height rise of the layer. 
5) Restriction to night-time. 


‘learly any satisfactory theory of equatorial spread-F must account adequately 
for all these major characteristics. 


( 

( 

(6) A tendency to enhancement in local summer relative to local winter. 
( 
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In addition we may note that recent measurements (WRIGHT ef al., 1956; 
Koster, 1958; Wricut and Koster, private communication) show that radio- 
star scintillations near the magnetic equator correlate well with spread-F. In 
particular both are absent during the day and both are reduced during magnetic 
disturbance. These results seem to be conclusive evidence that during the day or 
during magnetic activity the irregularities producing spread-F are not merely 
obscured, as was originally suggested by Booker and WELLS (1938), but are no 
longer present, or are greatly diminished. 

Two existing theories of spread-F seem to be capable of explaining at least 
some of the above facts. According to the first, due to MARTYN (1959), the irregulari- 
ties responsible for equatorial spread-F and radio-star scintillation are due to, 
or enhanced by, vertical drift of ionization. According to the second, put forward 
by DrssLEeR (1958), they are due to hydromagnetic waves propagated downwards 
from outside the earth’s atmosphere, and channelled into a horizontal region at a 
height of about 400 km. 

If the rise in h’ F after sunset is identified with vertical drift, MARTYN’s theory 
clearly provides a simple explanation of the correlation with height-rise which we 
have noted. Objections have, however, been raised to Martyn’s theory on 
theoretical grounds by DovaHErty (1959) and by FrsER (1959), and in any case 
it is doubtful, even if the theory is correct, whether the proposed mechanism 
would be quantitatively adequate. Thus according to MarRTYN’s own formula the 
magnification uw of the ratio AN/N would be given by 
uw = eVteet 
where the drift velocity V might be 50 or 60 km/hr and might continue for a time ¢ 
of 2-3 hr. With Marryn’s value of the scale-height H of 55 km wu therefore 
could not exceed a value of 2 or 3. 

As to DESSLER’s theory it now seems, following the analysis of FRANCIS ef al. 
(1959), that channelling would not in fact take place near the 400 km level in the 
manner originally envisaged. However, we have seen that spread-/ undoubtedly 
tends to develop most strongly at heights of 400 km and over, and at such heights 
it would seem that hydromagnetic disturbances are the most likely source of the 
very high degree of inhomogeneity which is characteristic of equatorial spread-F, 
and this possibility should therefore be further investigated. 

Many other theories have been proposed. Dage (1957), for example, suggested 
that turbulent fields in the H-region might be transferred along the highly conduc- 
ting lines of force into the F-region. This theory appears also to be favoured by 
Martyn (1959), but according to Douguerty (1959) it is open to theoretical 
objections. A mechanism involving convective diffusion which might produce 
instability in the F-region near the magnetic equator has been discussed by 
DuNGEy (1956) but does not appear able to account for any of the other features of 
equatorial spread-F. Other proposals, such as forward scatter by irregularities 
produced by atmospheric turbulence at levels below 200 km (Booker, 1956), and 
theories involving particle influx (cf. Daae, 1957) hardly appear relevant to 
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8. SUMMARY 


(a) Under magnetically quiet conditions at the equinoxes in all zones there is a 
belt of intense equatorial spread-/—with occurrence frequency exceeding 90 per 
cent—centred on or near the magnetic equator. This high incidence region 
extends from about 10° N to 10°S in magnetic latitude, and in longitude from 
about 15° east of the sunset meridian up to and somewhat beyond the midnight 
meridian. Beyond this region the belt continues eastwards with somewhat 
diminished intensity as far as the sunrise meridian and with rather sharply 
diminishing intensity northwards and southwards to about 30° N and 30° § 
magnetic latitude. 

(b) Between magnetic latitudes of about 30° and 40° there is a null region 
which has little or no spread-F either under quiet or disturbed conditions. 

(c) In the Afro—Indian zone (i.e. from about 20° W to 80° E geographic longi- 
tude) the quiet-day spread-F belt is maintained undiminished throughout the 
year but in other zones it tends to be reduced in intensity to a greater or less 
extent in the solstice months. Generally spread-F incidence is greater in local 
summer than in local winter. 

(d) On magnetically disturbed days in the Afro—Indian and East Asian zones 
there is a marked reduction in spread-f incidence in all seasons and this is also 
true of the equinox and northern winter seasons in the American zone. In 
northern summer in the latter zone spread-F incidence is low, and may if any- 
thing be slightly enhanced under disturbed conditions. In the Afro—Indian zone 
magnetic control appears to be considerably reduced in local summer. 

(e) In equatorial regions at sunspot maximum the onset of spread-F conditions 
is preceded by a rapid increase in h’F, the maximum height h,,,,/ being reached 
at about 2000 hours. The belt of high values of h;,,,/ is very closely similar to 
that of spread-F’, and under quiet conditions, broadly speaking, spread-F incidence 
is high when h,,,,/ is over 400 km and low when h;,,,F is less than 300 km. In 
every case when the occurrence frequency of spread-F' is reduced under magneti- 
cally disturbed conditions, there is a corresponding diminution in the rise of h’F, 
and in the one case (northern summer in the American zone) when there is no 
reduction in spread-F there is no diminution in h;,,,/. Under disturbed condi- 
tions the correlation between ® and h,,,,/ differs somewhat from that on quiet 
days, the reduction in spread-F being greater than would be expected from the 
magnitude of the change in h;j,,, /, and it appears that on disturbed days spread-F 
may be limited by some additional factor. 

(f) None of the existing theories of equatorial spread-F adequately account for 
the experimental facts described above. The vertical drift theory of Martyn 
(1959) has attractive features, but the suggestion of DessLeR (1958) that hydro- 
magnetic disturbances are involved may prove a more fruitful hypothesis. 
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Abstract—Some common interpretations of features on H-region h’(f) curves have been compared with 
the behaviour deduced from the shape of the layer (N(h) curves), determined from high-resolution 
h’(f) curves. It is shown that the current distinction between ‘‘abnormal EL” and ‘‘E2”’, on the basis of 
the group retardation observed, may not be tenable. Two well-known cases of moving disturbances on 
the h’(f ) curve are found to be due to a redistribution of the ionization in the layer. It is also shown that 
the international definition of f,£ does not always give a reliable estimate of the maximum electron 
density when the h’(f) curve has a complex shape. 


1. INTRODUCTION 

A masor problem in #-layer investigations is the interpretation of the various 
forms of h'(f) curve that are observed. High-resolution soundings reveal that the 
h'(f) carves are consistently more complex than is generally recognized. Such 
complex shapes are commonly ascribed to various perturbations of a normal, 
Chapman-like layer or to the appearance of other normal layers (see, for example, 
Bisyi, 1951, 1953; WHawe, 1951). Most interest attaches to the identification of 
the penetration frequency of the normal #-layer, and several rules for identification 
have been proposed (U RSI Proceedings, vol. 8, 1950; Breu, 1951; Wricut et al., 
1957) which are based on the characteristics of the h’(f) curves alone. 

The interpretation of several types of h’(f) curves will be discussed below and 
compared with the form of the electron distribution computed from h'(f) curves 
recorded by a high-resolution sounder. The main characteristics of the sounder 
used, the method of computing the electron distribution and the behaviour of the 
normal #-layer have been discussed elsewhere (ROBINSON, 1960). On occasions 
when the /’(f) curve was perturbed the electron distribution showed some 
surprising differences from the interpretation suggested by the h’(f) curves alone. 

Attention has been given to the errors that common perturbations may 
introduce in penetration frequency measurements. It is shown that the inter- 
nationally recommended rules for identifying f,# do not always provide a reliable 
measure of the maximum electron density in the layer. 


2. THe ‘““ABNORMAL E-” AND H2-LAYERS 


On many occasions the penetration of the H-layer is incomplete, and the 
exploring waves are reflected from an “‘abnormal” stratum below the level of the 
E-layer maximum. These reflections were first discussed by APPLETON and 
NAISMITH (1935). The term “‘abnormal” springs chiefly from the form of the h’(f) 
trace. Referring to Figs. 1(a) and 1(c), the echo is first much retarded at point A 
by the normal E#-layer; as the sounding frequency increases the group height 
decreases steadily to point B where the pulses penetrate to the F-region. The 
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Fig. 1. h’(f) curves and corresponding NV(h) curves showing shape of “*abnormal-E”’ stratum 
(AB). (a) and (b) 1720 G.M.T., 21 April 1957. (c) and (d) 0720 G.M.T., 29 May 1956. 
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absence of group retardation at point B is taken to indicate that the trace AB is 
due to an “abnormal” stratum, too thin to be a normal, solar-produced layer 
(WHALE, 1951; Brpu, 1951). This terminology has been maintained despite the 
fact that Brest ef al. (1938) and BeckER and DremMInGErR (1950, 1951) have found 
that the limiting frequency (fmax) of the reflections often behaves in a regular 
manner. 

When the reflections from a stratum in or above the H-layer show group 
retardation the stratum is assumed to have considerable thickness, and is usually 


Table 1. Comparison of group height and actual height for “abnormal” E-layer 
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termed an £2-layer (see U RSI Proceedings, vol. 8). BECKER and DIEMINGER (1951) 
have argued that, because of the regular behaviour they find for the “‘abnormal”’ 
stratum, it too should be classified as a normal #2-layer. This suggestion has been 
criticized by Brsu (1953). 

A determination of the variation of electron density, V, with height, h, for the 
“abnormal” reflections reveals that there is a steep gradient of VN. Two examples 
of this are reproduced in Fig. 1. For fifty cases measured in Cambridge (U.K.) 
during the course of a year the gradients found varied from 3 x 104 to 
0-2 x 104 els cem-* km~?. Small changes in the gradient led to marked differences 
in the shape of the h’(f) curve. In the example shown in Fig. 1(d) a change of 
gradient of the NV(h) curve produced two markedly different sections of the h’(f) 
trace. There was found to be no significant difference in the form of the N(h) 
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curve associated with the presence or absence of group retardation at the high- 
frequency end of the trace. When dN/dh had its smallest values the h’(f) curve 
usually displayed group retardation; when the value of dN/dh increased the group 
retardation no longer appeared; and for the largest values of dN/dh the stratum 
became partially reflecting for waves near its high-frequency limit. There thus 
appears to be no physical reason for a separate classification of those reflections 
which show retardation and those which do not. The shape of an h’(f ) curve depends 
both on the electron distribution in the stratum and that in the layer below. 

The minimum group-height (hj,,,) of the ‘“‘abnormal”’ reflections has often 
been assumed to provide a measure of the height of the stratum, because no group 
retardation is apparent. It can be shown that this view may seriously underesti- 
mate the retardation suffered by the waves in passing through the #-layer; even 
at frequencies well above the penetration frequency the retardation is much 
greater than is generally appreciated. In Table 1 the minimum group heights and 
actual heights are compared for a number of “‘abnormal”’ strata, listed in order of 
hin. The table also gives the ratio of the upper frequency limit (fmax) to the 
apparent penetration frequency of the H-layer (f,H). The values of hj,;, range 
between 113 and 205 km, while the actual heights range from 108-5 to 136 km. 
It can be seen that h;,;,, does not provide a relative scale of height. The difference 


min 
between hj, and the actual height was found to be smallest when the stratum was 
well below the H-layer maximum; this can be judged from the degree of retarda- 
tion at f,#. The second most reliable criterion for a small height discrepancy is 
that the difference is smaller the greater the range of partial penetration. It was 
found that the ratio fmax/f,# serves only as a general guide to the difference 


between /;,,, and h. 


3. CHANGES IN THE LAYER SHAPE DURING FORMATION OF ““ABNORMAL-E”’ 

Suspicion that the separate classifications of ‘“‘abnormal’ EL and H2 were 
artificial had been raised by the observation (McNicHot and Gipps, 1951; Sana 
and Ray, 1955; Rastoaer, 1956) that an ‘“‘abnormal”’ layer sometimes forms in a 
sequence during which the group height and the group retardation gradually 
decrease. McNicHou and Gipps have termed the phenomenon “‘sequential /,”’. 
The steady decrease in group height has led many workers to speak of “ionization 
moving down from the F-region to the #H-region’’, but no explanation has been 
found for this large-scale transport of ionization (or source thereof). 

A similar sequence was occasionally observed at Cambridge. In the example 
reproduced in Fig. 2 a small cusp first appeared at point C, at a frequency lower 
than the layer penetration frequency D. In the course of about half an hour the 
group retardation at C increased considerably while that at D decreased and finally 
ceased to appear. 

The N(h) curves corresponding to Fig. 2 are shown in Fig. 3, and reveal that, 
although the group heights decrease after 1648 G.M.T., there is no downward 
movement of ionization. The sequence in this case is due to a redistribution of the 
ionization in the E-layer, the ions between 106 and 120 km being transported 
upwards to produce a sharp gradient near 120 km. Such a redistribution could be 


163 





B. J. RoBriInson 


produced by a horizontal wind system in the Z-region, but no attempt will be made 
here to calculate the motion required. 
We see from this example that the sequence is not one in which an ‘“‘abnormal” 
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‘(f) curves showing formation of ‘‘abnormal-H”’ stratum 
(sequential! #,) at Cambridge, 20 March 1957. 
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Fig. 3. Changes in layer shape during formation of ‘‘abnormal-E”’ 
stratum, Cambridge, 20 March 1957. 


layer is added to an otherwise normal layer. After 1650 G.M.T. there is no longer a 
normal layer present, although the usual criteria would identify the “cusp” 
frequency C in the later curves of Fig. 2 as the normal penetration frequency. It is 
obvious that an unambiguous identification of the penetration frequency is not 
always possible if records are taken infrequently, With frequent soundings it can 
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be seen that the “cusp” frequency behaves in a quite different manner from the 
penetration frequency on undisturbed records. 


4. TRANSIENT Cusps ON E-LAYER h'(f) CURVES 
While making soundings at 4-min intervals WHALE (1951) found that a small 
cusp sometimes appeared high on the /’(f) curve, and then moved steadily down 
the curve in a period of about 30 min. Minnis (1956a) found the same effect during 
observations of an eclipse. It has been suggested that the movement of the cusp 
is due to a wave motion in the layer, or to a moving source of ionization. 
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Fig. 4. Passage of transient cusps on E#-layer h’(f) curves, Cambridge, 18 April 1957, 


The transient cusps were frequently observed in Cambridge during 1956 and 
1957, and an example is reproduced in Fig. 4. Usually a transient cusp (marked 
in the figure) would be followed by one or two others moving at the same rate. 
The cusps are found to correspond to a small inflection on the electron distribution, 
as is the case for the static cusps seen in Figs. l(a) and 1(ce). 

The electron distributions measured during the passage of the transient cusps 
of Fig. 4 are shown in Fig. 5. We find that the heights of the inflections on the 
curves remain nearly constant—one near 112 km, the other near 107 km. The 
layer appears to be distorted between these levels, and the apparent movement of 
the cusps down the h’(f) curve takes place as the layer rises (under solar control) 
through this region. WHALE (1951) has reported cases where a downward moving 
cusp was seen on morning records, and these could not be produced by the move- 
ment of the layer through a stationary disturbing region. No cases of transient 
cusps were seen in the morning during 1956 and 1957. 

The transient cusps described here should be distinguished from those observed 
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at high latitudes (Haga and Hanson, 1954) in which the group heights first 
decrease and then increase again; this behaviour was only occasionally observed in 
Cambridge. 

The distortion seen in Fig. 5 can be accounted for by vertical drift effects 
(horizontal drift may also occur, but cannot be determined from observations at a 
single station). At 115 km the time variation of the electron density N was found 
to be very close to that on undisturbed days (RoBrnson, 1960), so that vertical 
drift effects cannot be marked at this level. For heights between 108 and 111 km 
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Fig. 5. Distortion of Z-layer during passage of transient cusps, Cambridge, 18 April 1957. 


the variation of V was markedly different from that on undisturbed days. If 
vertical drift is present the continuity equation can be written: 


dN/dt = q(z) — «N? — div (Nv) 


where q(z) is the production function, x the recombination coefficient and v the 
velocity. Using the values of the production function and recombination 
coefficient determined on undisturbed days, it was found that div (Vv) was 
negative at each level between 108 and 111 km. 

Div (Ny) is the sum of two components, N . dv/dh and v. dN/dh, which can only 
be separated if further information is available. As an approximation let us 
assume that v and dv/dh do not change with time; they can then be determined 
from the values of div (Vv) at two times. With this assumption the term JN . dv/dh 
was found to be the greater distorting influence, the values of dv/dh being close to 
0-5 m sec-!km~ at each level in the disturbed region. The term v.dN/dh was 
small and allowed only a rough estimate of the value of v. At any one level the 
values of v determined at different times ranged from +2 to +14 m sec! (upwards), 
with mean values of about 8 m sec-?. The mean values of v were not accurate 
enough to show the vertical gradient directly. 

A vertical drift of the type indicated here could be set up by a horizontal wind 
in the #-region whose direction and/or strength varied between 107 and 112 km but 
were constant above and below this region. Horizontal winds of the order of 
20-50 m sec~! have been detected at heights up to 100 km by meteor observations 
(ELrorD and RoBERtTSON, 1953; GREENHOW, 1954) and vertical gradients of about 
3m sec’! km~! have been found. Winds of this order of magnitude could account 


for the observed drift. 
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5. IDENTIFICATION OF THE PENETRATION FREQUENCY ON 
ComPuLeEx h’(f) Recorps 

Bren (1951) and Wricur et al. (1957) have discussed ways of relating the 
features of complex h’(f) records to those rarer records which reveal only one 
thick layer within the H-region. The rules proposed are somewhat arbitrary but, 
when a monthly mean is taken, they provide a sufficiently accurate estimate of the 
penetration frequency for use in communication predictions. The rule proposed 
by Brest leads to a much smaller scatter of the daily measurements about the 
monthly mean than do other commonly used rules. But for accurate physical 
work greater attention has to be paid to the qualitative differences between the 
h'(f) curves, and no rule has yet been suggested which covers all cases adequately. 
Because a small change in the electron distribution can produce a marked 
variation in the h’(f) curve, the form of the curve may not provide a reliable basis 
for classification of the records. 


5.1. The abnormal K-layer 

For the reflections discussed in Section 2 the echo may show great retardation 
by the #-layer before the group height begins to decrease, while at the other 
extreme the retardation can be very small when the ‘abnormal’ reflections appear. 
Under these last conditions a useful estimate of f,# can hardly be made. Even 
when considerable retardation occurs the “‘cusp”’ frequency may not be as good 
an approximation to the penetration frequency as it may appear, although it is 
often taken as a measure of f,#. We can illustrate this by studying the behaviour 
on summer days, when the ‘‘abnormal”’ stratum is seldom absent (see BECKER and 
DIEMINGER, 1951). Frequent measurements of the cusp frequency for some 
summer days in 1957 are plotted in Fig. 6. The variation throughout the day is 
seen to be far from regular, the curves showing a number of short-term rises and 
falls. This contrasts greatly with the regular variation found for complete 
penetrations in other seasons (Roprinson, 1960). The rapid decreases of the cusp 
frequency at some times are associated with slight changes in the level of the 
“abnormal” stratum; the changes are not immediately noticeable on the separate 
records, but become apparent when a series of curves are compared. 

The mean values of the ‘‘cusp”’ frequency for the period 18 June to 13 July 1957 
are shown dotted in Fig. 6. The variation of the mean is much smoother, but it is 
not nearly as uniform as that found in other seasons when the penetration was 
complete. 

At some ionospheric stations an attempt is made to correct for the depression 
of the “‘cusp”’ frequency by extrapolating the h’(f) curve (see Buscu et al., 1956). 
This may not provide a reliable estimate of the “normal” value of f,#. It is 
certainly not satisfactory for accurate work because small changes in the shape of 
the layer can produce marked variations in the form of the h’(f) curve. 


5.2. Stratifications within the E-region 

Another frequent complication in the H-layer is the appearance of marked 
stratifications on the h’'(f) curves (see WRIGHT ef al., 1957; or Roprnson, 1959). 
There is no general agreement as to which feature, if any, might correspond to the 
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Fig. 6. Variation of apparent critical frequency of H-layer in summer. ‘‘B” indicates 
times when reflections were obscured by blanketing #,. Dotted curve is mean variation 


for period 18 June to 13 July 1957. 


penetration of the “‘normal” #-layer, and various arbitrary classifications have 


been introduced (Brey. 1951: BECKER and DIEMINGER, 1951: Rastoer, 1954; 


URSI Proceedings, vol. 8.). 

The possibility of ambiguity in the measurement of fy can be seen in the 
results of the observations of two recent eclipses by Mrynis (1956a,b). The 
retardation associated with stratifications appearing during the eclipse was at first 
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interpreted as the penetration of the H-layer, but later comparison with the 
measurements on control days led to a reconsideration of this interpretation. 

The observations at Cambridge showed that in winter it was common for two 
penetration frequencies to be present for a large part of the day, although either 
of these could be obscured at times by other disturbances. Similar observations 
have been made by Best ef al. (1938) and Rastoat (1954). There appears to be no 
general rule, in the presence of stratifications, by which f,# can be identified with 
certainty on an isolated h’(f) curve. In many eases only a series of frequent 
measurements provide the continuity required to relate the features of the curves 
to the penetration on undisturbed records. 

Marked stratification on the h’(f) curves is usually related to small inflections 
of the N(h) curves, examples of which can be seen in Fig. 1. It is clear that a 
classification (L, #2, etc.) based on the observed differences in group height can be 
most misleading, as found in Section 2. 


5.3. Comparison with routine soundings 

We see that the qualitative differences in the h’(f) curves recorded on successive 
days are likely to introduce a scatter in penetration frequency measurements 
which is greater than that found (RoBinson, 1960) for days exhibiting clear 
penetrations. It is of interest to see how the common disturbances do affect 
routine scaling procedures. With this aim the measurements at Cambridge 
(each 5 min) were compared with the hourly values of f,# determined at the 
Radio Research Station at Slough, about 90 km from Cambridge. Comparison of 
simultaneous soundings showed that the h’(f) curve at one station could be 
subject to a disturbance while that at the other was clear. As the behaviour of the 
normal layer is not expected to differ markedly at stations so close together it is 
possible to compare the value of f,# determined from a disturbed record with a 
clear penetration at the other station. 

In Fig. 7 the diurnal variation of the penetration frequency on clear days at 
Cambridge is shown by the continuous lines; in some of the winter curves the 
diurnal variation of each of two penetration frequencies is shown. The hourly 
values of f,# at Slough for the same days are also indicated; in most cases the 
Slough record is read to the nearest 50 ke/s. There are a number of occasions on 
which the measurements at the two stations differ by considerably more than the 
rounding-off errors. 

In a detailed comparison of the /’(f) curves it was possible to distinguish the 
effects of the different types of disturbance which commonly occur in the #-region. 
When the retardation at Slough was limited by the “abnormal” stratum the value 
read for f,£ could be considerably less than that observed at Cambridge. When the 
h'(f) curve showed some stratification the Slough value could correspond to 
either of the penetration frequencies observed at Cambridge. In the winter curves 
it is seen that the routine measurements jump from one curve to the other at 
different hours. This can easily introduce day-to-day changes at a given hour of 


200 ke/s. The echoes are sometimes spread over a range of heights; the differences 
then were usually small and the Slough value could be either high or low. When the 
echoes at Slough were not recorded near the penetration frequency (the power of 
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the Slough sounder being about | kW) and the h'(f) curves had been extrapolated, 
the value read for f/)# was usually greater than that measured at Cambridge. But 
on some occasions it was as much as 200 ke/s lower. 

It is clear that when the penetrations are not of the very simple type it is very 
difficult to measure the maximum electron density of the layer with accuracy. 
There is thus need for some caution in using routine data for an investigation of 
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Fig. 7. Comparison of frequent measurements of E-layer penetration frequency at 
Cambridge with hourly values of f,Z from Slough. 


physical processes in the #-region. In most physical work monthly median data 
are used, but the disturbances discussed above cannot be regarded as random and 
so their effects can be reflected even in the median values. 


6. CONCLUSIONS 
The form of the h’(f) curve for a given layer depends both on the shape of the 


Jayer itself and on that of the layer(s) below. It has been found that for layers 


170 





On some disturbances in the E-region 


above, or within, the H-layer the presence or absence of group retardation does not 
indicate a marked difference in the thickness of the layers. This reduces the 
significance of the current distinction between “#2” and ‘‘abnormal”’ H-layers on 
the basis of the observed group retardation. 

It has been found that the group height of features on H-layer h’(f) curves does 
not provide even a relative measure of the actual height of reflection. It thus does 
not provide a sufficient basis for the classification of H-region phenomena. Two 
common cases where a source of ionization appears to move down through the 
normal H-layer are shown to be due to a redistribution of the H-layer ionization. 

Some problems in the identification of the penetration frequency of the normal 
E-layer have been discussed. Common disturbances are found to perturb the 
whole layer, contrary to the common interpretation that a complex h’(f) curve 
represents a small feature added to an otherwise normal layer. It is suggested that 
the present definitions of f,# may not provide as good an estimate of the maximum 
electron density of the normal layer as has been assumed. While quite adequate 
for communication predictions, the current classifications of H-region phenomena 
do not appear to be sufficiently stringent for physical investigations. 
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Abstract— Some results obtained at Delhi on the measurement of ionospheric drift by spaced receiver 
technique are described. Most probable velocities of reflections from the F- and #-layers for different 
seasons are indicated by histograms. The diurnal variations of the magnitude and direction of the drift 
velocity have been plotted graphically. Harmonic analyses of the east-west and north-south components 
of the drift velocity have been worked out. No predominant periodicity in any of the components was 
observed. It is interesting to note that the most probable direction of the drift velocity is towards the 
south, and the northward component is almost completely inhibited. During magnetic storms, however, 
the northward component increases and its variation appears to be well correlated with the variation of 
the “AC” index. 


1. INTRODUCTION 

THE discovery of the drift system at ionospheric heights dates back to 1884 when 
Orro Jesse (1884), the Berlin astronomer, measured the height and velocity of the 
horizontal drift from the motion of noctilucent clovds. Similar investigations, in 
later years. were rather sporadic, due mainly to limitations imposed by optical 
visibility and infrequent and unpredictable occurrence, at ionospheric heights. of 
luminous night clouds and long enduring meteor trails. Systematic investigations 
of the horizontal drift system in the ionosphere could be commenced when, 
following a suggestion by J. A. Ratcliffe, the spaced receiver technique had been 
developed by one of the authors (S. N. Mitra) in 1947 at the Cavendish Laboratory. 
Since then. this method has been used to investigate horizontal drift in the iono- 
sphere in many countries, notably Great Britain, Germany, U.S.A., Norway, 
New Zealand and India. 

Although considerable data on the horizontal drift system in the ionosphere 
have been collected, some of the basic questions have not so far been satisfactorily 
answered. For example, what causes the horizontal drift in the ionosphere? 
[s it dependent upon any other solar or geophysical phenomenon? Is it possible to 
know for certain the location and vertical gradient (if any) of such horizontal drift? 
How does the earth’s magnetic field influence motion of the charged particles 
constituting the ionosphere? Considerable theoretical analysis and experimental 
work are required to be carried out before the drift system in the ionosphere is 
completely understood. Such an opportunity has been afforded by the Inter- 
national Geophysical Year in which the investigation of ionospheric drift has 
formed a part of its programme. 

Systematic measurements of ionospheric drift were commenced at the Research 
Department of All India Radio, New Delhi (28° 35’ N, 77° 5’ E) in January 1958 
as a part of its programme of ionospheric investigations for the International 
Geophysical Year. The present paper deals with some of the analyses of data 
collected from April 1958 to March 1959. 
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Fig. 1. A typical drift record on reflection Span the normal #-layer (7 March 1960, 
0930 IST, 2-5 Me/s). 
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2. A typical drift record on reflection from the F-layer (19 March 1959, 0900 IST, 
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6-5 Me/s). 
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Fig. 20. Drift record during a magnetic storm (b December 1958, 1130 IST, K 
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2. EXPERIMENTAL ARRANGEMENT 

The experimental set-up is essentially the same as developed earlier by one of 
the authors (Mirra, 1949). Three receivers are placed at the corners of a right- 
angled triangle, the two sides being 100 m. One pair is situated in the north-south 
and the other in the east-west direction. The receiving aerials are horizontal 
dipoles accurately aligned to be parallel to one another. A pulsed transmitter 
located at one of the receiving points radiates pulses (100 psec) in the frequency 
range 0-5-20-0 Mc/s. The received echoes are fed to three recording oscilloscopes 
whose intensities are modulated by electronic gates which are made to “‘select”’ 
these echoes in a monitor oscilloscope. The traces on the recording oscilloscopes 
correspond to the amplitudes of the three desired echoes at the three spaced 
receivers. The fading of all the three echoes is simultaneously recorded on a 35 mm 
film moving at the rate of 6 in/min. Time marks at intervals of 15 sec are provided 
on the film by momentarily closing the camera lens. The fading records at the 
three spaced receivers are usually taken for a period of 10-15 min. These are 
later analysed in the conventional manner and the magnitude and the direction of 
the drift velocity determined. 

The schedule of observation was as follows: During Regular World Days and 
Special World Intervals, observations were made once every hour. On other days, 
round-the-clock hourly observations were taken every third day. Observations 
once every 3 hr were made on the other days. The wave frequencies selected were 
2-5 and 6-5 Me/s. The ionospheric characteristics are known from routine iono- 
spheric measurements taken at the same place. 

The type of records obtained is shown in Figs. | and 2. Since the determination 
of drift velocity from the fading curves depends upon the fading of the received 
echoes, some of the observations could not be utilized when the fading was either 
very slow or extremely rapid. The wave frequency of 6-5 Me/s gives reflection 
mostly from the F-region; occasionally from #, when it is of the intense type. 
The effect of “‘magneto-ionic fading” is eliminated as the receiving aerials are 
aligned accurately to be parallel to one another. Moreover, for the period con- 
cerned, the critical frequency of the F2-layer during the day was very high; 
reflection on 6-5 Me/s was mostly the ordinary ray, the extraordinary being 
highly absorbed. The analysis of records described in the following sections 
pertains to the study of any regular variations in the magnitude and phase of the 
drift velocity. Observations during Regular World Days, Special World Intervals 
and other disturbed days will be reported later. 


3. MAGNITUDE OF THE Drirt VELOCITY 


3.1. Combined results 
The magnitudes of the east-west (E—-W) and north-south (N—S) components of 
the true drift velocity have been computed from the fading records. The resultant 
drift velocity has also been calculated. These velocities have been grouped 
statistically and histograms plotted for determining the most frequent occurrence. 
Figs. 3, 4 and 5 show the histograms of the magnitudes of the resultant drift 
velocity and its E-W and N-S components respectively. These results are for the 
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Fig. 3. Histogram showing the distribution of the magnitude of the drift velocity. 
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Fig. 4. Histogram of the E-W component of the drift velocity. 
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Fig. 5. Histogram of the N-S component of the drift velocity. 
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fading records on echoes from the F-layer. The most frequent value of the resultant 
drift velocity is 85 m/sec. Velocities less than 30 m/sec and greater than 160 
m/sec have not usually been observed. The most frequent value for the E—-W 
component (Fig. 4) is 65 m/sec and that for the N-S component (Fig. 5) is the 
same. These histograms are, however, not so well defined as that of the resultant 


drift velocity. 
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Fig. 6. Histogram of the H-region drift velocity. 

Fig. 6 shows the histogram for the H-region drift velocity. The fading records 
utilized for this histogram were on echoes from the E-layer or from #,. The most 
frequent drift velocity is 55 m/sec. The number of observations is rather limited. 

The magnitudes of the drift velocity have also been grouped for summer 





0 
cVU 


— 


No. of occurrences 


























30 50 70 30 Ho 
Velocity, m/sec 


Fig. 7. Histogram of drift velocity during summer. 


(May, June, July, August), equinox (September, October, March, April) and 
winter (November, December, January, February). Figs. 7, 8 and 9 indicate 
these histograms respectively. In summer the most frequent magnitude of the 
drift velocity is 75 m/sec, in equinox 85 m/sec and in winter also 85 m/sec. This 
indicates that the velocity is somewhat higher in equinox and winter than in 
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summer. We have not considered such histograms at different hours of the 


day due to the limited number of observations. 

The diurnal variation of the magnitude of the drift velocity has also been 
worked out. Fig. 10 indicates the overall diurnal variation during the period 
April 1958 to March 1959. The maxima and minima of the magnitude are not 
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Fig. 8. Histogram of drift velocity during equinox. 


very well defined although the former appears to occur around 0100 and 1600 IST 
(GMT 5} hr) and the latter at about 0700 and 1900 IST. The N—-S and E—-W 
components of the drift velocity have similarly been calculated and their overall 
diurnal variations are shown in Figs. 11 and 12. A significant feature in Fig. 11 is 
that almost all the time the N—-S component is southwards as if a northward 
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Fig. 9. Histogram of drift velocity during winter. 


velocity is truly inhibited. The minima are at 0400 and 1900 IST and the maximum 
around 1300 IST. The values of the northward component are small on the very 
few occasions it is present. We shall show later that the situation changes con- 
siderably during a magnetic storm when the northward component suddenly 
becomes strong. The E-W component (Fig. 12) indicates both easterly and 
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Fig. 10. Diurnal variation of (overall) drift velocity. April 1958-March 1959, 
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Fig. 11. Diurnal variation of N-S component. April 1958—March 1959. 
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Fig. 12. Diurnal variation of E-W component. 
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Fig. 13. Diurnal variation of E-W and N-S components during summer. 
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Fig. 14. Diurnal variation of E-W and N-S components during equinox. 


westerly values; the former between 1900 and 0900 IST and the latter during the 
rest of the time. 


3.2. Diurnal and seasonal variations 
The E—-W and N-S components of the drift velocity have been grouped for 
different seasons and Figs. 13, 14 and 15 show the diurnal variation of these 


178 





components for summer, equinox and winter, respectively. 
semi-diurnal or otherwise, is apparent from the figures. 
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Fig. 15. Diurnal variation of E 
No regular periodicity, 
Nevertheless, harmonic 


analysis has been carried out to detect any predominant periodicity in the variation 


of the drift components. 
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Winter 
Ve-w = —1-6 + 31 sin (dé + 89°) + 7-4 sin (26 + 285-7°) + 7-5 sin (36 + 164-3°) 
19-5 sin (46 + 259°) + 9-6 sin (56 + 164-2°) + 13-6 sin (66 + 128-6°) 
16-5 sin (76 + 89°) + 13-2 sin (8@ + 47-2°) + 10 sin (96 + 345°) 
20-5 sin (10f + 715°) + 11-1 sin (116 + 154-8°) + 2-4 sin (126 + 90°). 
— —34-2 + 20-2 sing + 12-4 sin (26 + 84°) + 14:5 sin (36 + 38-6°) 
| 20-7 sin (46 + 152°) + 12-2 sin (5¢ + 169-6°) + 7-9 sin (6¢ + 202-4°) 
- 4:2 sin 76 + 3-8 sin (86 + 340-4°) + 5-1 sin (9@ + 128-6°) 
+ 4:1 sin (106 + 74:6°) + 10-2 sin (11d + 109-3°) + 1-6 sin (126 + 90°). 
[t is surprising that regular periodicities have been observed at Waltair (Rao 
and Rao, 1958). We find, on the contrary, that diurnal variations of the drift 
components are very irregular. 
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Fig. 16. Diurnal variation of phase of the drift velocity. April 1958-March 1959. 


4. Direction or Drirr Motion 

We have next enquired into the phase of the drift velocity. Fig. 16 shows the 
diurnal variation of the mean phase in degrees east of north for all observations 
during the period April 1958 to March 1959. The direction of the drift motion is 
mostly confined between 90° and 270° E of N; in other words it is towards east— 
south-west. Here also, the northward direction is almost always absent excepting 
for 1 hr during the day at 1800 IST. The situation is more clearly explained in 
Fig. 17 which shows a polar histogram of the phase. The most probable direction is 
towards south, and most of the observations are confined within SSE and SSW 
through 8S. 

Fig. 18 shows the diurnal variation of the phase during summer, equinox and 
winter seasons. It is significant that the variation of the direction at different 
hours of the day is almost similar during the three seasons and the phase mostly 
confined between 120° and 240° E of N. This confirms that the southward com- 
ponent is most predominant in all the seasons. 


5, CORRELATION WITH MAGNETIC STORMS 
We have seen that the diurnal variation of both the magnitude and direction of 
the drift vector does not show any semi-diurnal oscillation as would be expected 
from a consideration of the effect of solar and lunar gravitational tides upon a 
uniformly rotating neutral air-mass. Since the motion of ionospheric regions 
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fig. 17. Polar histogram of the direction of the drift velocity. 
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Fig. 18. Diurnal variation of phase in different seasons. 
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essentially constitutes movement of charged particles, the earth’s magnetic field 
will exercise some influence on the drift velocity. In a recent paper we (Mirra and 
Vis, 1960) have considered in detail the relationship between K-figures and drift 
velocity. The quiet day variation of the E-W and N-S components is not correlated 
with A. The magnitude of the resultant drift velocity does not noticeably increase 
as K increases. The situation, however, becomes interesting during a magnetic 
storm as can be seen from Fig. 19. The A-figures for 8, 9, 10 and 11 January 1959 
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Fig. 19. Variation of E-W and N—-S components on a magnetically disturbed day. 


have been plotted together with the E-W and N-S components at different hours 
of the day. A moderate magnetic storm of sudden commencement type started on 
9 January 1959 at 2028 IST and ended at 1530 IST on 11 January. The range of 
horizontal intensity (H) went up to 191 y and that of the vertical field (Z) was 46 y 
(Kodaikanal Observatory data). The E-W and N-S components both exhibited 
large fluctuations in synchronism with the magnetic storm. The maximum 
values of the E-W and N-S components were 173 (westward) and 90 (northward) 
m/sec. A significant point to note is that as the magnetic storm started on the 
9 January, the northward component increased and remained high for several 
hours till the storm subsided. Again on 11 January, when the K-figure increased 
the northward component also became high. In other words, the magnetic storm 
seems to increase the northward component of the drift velocity while this com- 
ponent is mostly absent on quiet days. An analysis of several other drift records 
during magnetic storms has confirmed this observation. Fig. 20 shows a typical 
drift record during a magnetic storm. The fading becomes much more rapid than 
that on a quiet day indicative of turbulence in the ionosphere during the progress 


of a magnetic storm. 





Horizontal drift in the ionosphere over Delhi 


6. SUMMARY 


Some of the results obtained at Delhi on the measurement of ionospheric drift 
by spaced receiver technique are described in the paper. The most probable 
velocity of the drift on reflections from the F-region is 85 m/sec. The values in 
equinox and winter seasons appear to be somewhat higher than that in summer. 
The diurnal variation of the magnitude of the drift velocity and its components 
does not show any apparent semi-diurnal periodicity. The variations through 24 hr 
of the E-W and N-S components have been subjected to harmonic analysis and 
values up to the twelfth harmonic worked out. No predominant periodicity in any 
of the components was observed. The most probable direction is towards south 
and maximum number of observations is confined between 120° and 240° E of N. 
A magnetic storm, however, increases the northward component of the drift 
velocity; the K-figure and the magnitude of the northward component vary in the 
same manner so long as the storm lasts. The analyses presented in the paper 
refer to the drift records obtained on reflections from the F-region. 

The data collected during the IGY and the IGC are being analysed and the 
results will be published in due course. 
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Abstract—The coefficient of atmospheric temperature effects on the hard component of cosmic ray at 
sea level is derived as a function of the cut-off energy and the aperture of measuring instrument and of 
the atmospheric depth of reference level. The derivation of these coefficients is primarily based upon the 
solutions of diffusion equations for cosmic-ray mesons in the standard atmosphere, taking the curvature 
of isobar levels into account. Secondly, the influence of geomagnetic deflexion of muons in the atmo- 
sphere is also considered. 

The main feature of these coefficients is generally in agreement with DorMAN’s results, except for 
large zenith angle. Among the results, the following points are to be noted: (i) There is a direction of 
maximum negative temperature effect around the zenith angle of 75°, which shifts slightly towards 
larger angle for higher energy and decreases with the height of reference level. (ii) The coefficient of total 
effect (positive and negative temperature effects) for small zenith angle is nearly constant against 
atmospheric depth. (iii) Influence of geomagnetic deflexion of muons upon the positive temperature 
effect is negligible even at the geomagnetic equator, but it is not negligible for the negative effect; the 
absolute value of the coefficient becomes larger for positive muons than for negative muons arriving 
from the east direction, and the change is reversed for the muons from west. (iv) Contribution of cosmic 
ray K-mesons to the atmospheric effect is to suppress the increase of positive temperature coefficient 
with increase of energy, but the effect seems undetectable due to the existence of an upper limit of 
magnitude of this effect. 


1. INTRODUCTION 

IX ORDER to see the contribution of temperature changes at the different levels in 
the atmosphere to the changes of cosmic-ray intensity at sea level and its zenith- 
angle dependence, a previous calculation (MAEDA and WapDa, 1954) is extended to 
the general case of obliquely-incident cosmic ray muons. Similar expressions are 
already given by DoRMAN (1957), which are, however, based on the flat atmosphere 
with linear temperature lapse rate with respect to atmospheric pressure. In the 
present paper, the calculations are done with respect to the Standard Atmosphere, 
taking the curvature of isobar level into account. Furthermore, the influence of 
the geomagnetic deflexion of cosmic-ray muons in the atmosphere upon the 
atmospheric effects is discussed. 

It is obvious that the atmospheric temperature effect consists of two parts, as 
shown by many authors; i.e. the one is negative and other is positive in the sense 
that the increasing of temperature results in the increasing of cosmic-ray intensity 
(DupERTER, 195la,b; Marpa and Wapba, 1954: OLBERT, 1954a,b: TREFALL, 
1955a,.b.c; BACHELET and ConrorTo, 1956; DoRMAN, 1957; FRENCH and CHASSON, 
1959). 

As far as the negative temperature effect is concerned, there were no remarkable 
discrepancies between the experimental results and the theoretical explanations 
initiated by BLacKETT (1938). On the other hand, the theoretical interpretation of 
the positive effect founded on the competitive processes between the decay of pions 
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and its nuclear absorption in the air, has suffered several disagreements with 
experimental data, except in the extremely high energy case where the decay of 
muons is negligible. In this respect, the decay of muons in the atmosphere is also 
supposed to make contributions to the positive temperature effect, the reasons for 
which are to be discussed in the last section of this paper. 

The deflexion of muons in the atmosphere due to the earth’s magnetic field 
is not negligible, especially for low-energy muons, which supply an important part 
of muon data in continuous observations, as shown by several investigators 
(Rossi, 1932; Bowrn, 1934; Jonnson, 1941: Harris and Escopar, 1955: 
BRUNBERG, 1958). Continuous measurements of cosmic-ray intensities are 
performed, however, without distinguishing the sign of the charge of muons. There- 
fore, in the first part of the present calculation, the influence of the geomagnetic 
field is neglected, and in the second part this will be considered. In both parts, 
however, the curvature of the isobar level in the atmosphere is taken into account 
for computing the path length of muons in the atmosphere. 

The contributions of heavy mesons has been discussed in the case of vertical 
incidence (BARRETT ef al., 1952; HAayaKAwa ef al., 1955). Since the production 
rate of these heavy mesons in cosmic radiation is negligible, a brief consideration 
will be given by making use of the proper constants concerning these particles 
obtained from recent accurate measurements. 

2. DrRECTIONAL INTENSITY OF Muons aT SEA LEVEL 


2.1. Notations and definitions 
Symbols used in this paper and their meanings are as follows: 
(A) Quantities concerning the atmosphere: 
; atmospheric depth (g/cm?) ; 
atmospheric depth at sea level and at the tropopause; the average 
value is taken as 1030 g/cm? and 230 g/cm?, respectively; 
barometric pressure at sea level and at the tropopause, respec- 
tively (in mb, | mb = 1-019 g/em?); 
barometric pressure corresponding to depth x (mb); 
temperature of the air at depth x (°K); 
temperature at sea level and at the tropopause; the average 
value is taken as 15°C and —56-5°C, respectively; 
height of the level where atmospheric depth is a (km); 
the height of the tropopause above sea level; its average is 
taken as 11 km; | 
V’, normal lapse rate of atmospheric temperature ([) = 6-5°C/km); 
p(x), density of the air at the depth «x (g/em®); 
Bes Pe the density of air at sea level and at the tropopause, respectively 
(g/cem’). 
(B) Quantities concerning the directional cosmic-ray intensity: 
6, the zenith angle of incidence at sea level: 
6* (2x), the zenith angle of the incident rays at the atmospheric depth x, 
giving rise to 6 at sea level (see Fig. 1); 
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the effective zenith angle of deflected incident ray at the atmos- 
pheric depth x, giving rise to 6 at sea level, including curvature 
of atmospheric and magnetic deflexion; 
the azimuthal angle of the incident plane measured from north 
toward east. ¢, and dy, correspond to 90° and 270°, respectively ; 
the solid angle at the observing point, dQ = sin 6 d6 dd; 
the momentum at x, x, 2’.., where the unit is m,c for pions 
and m,c for muons; 
the residual range of pions or muons, corresponding to the 
momenta p, Po, p’.., respectively (g/cm?); 
the total energy of pions or muons, corresponding to the momenta 
P. Po. p’ .., Where the unit is mc? for pions and m,c? for muons; 
the collision mean free path of the primary particle (g/cm?); 
the attenuation mean free path of primary particles, 120 g/em?; 
the nuclear absorption mean free path of pions, 60 g/cm?; 
the differential intensity of pions with momentum p, at the 
atmospheric depth x, for the direction of zenith angle 0*(x) at x; 
the differential intensity of muons with momentum p, at the 
atmospheric depth x, for the direction of zenith angle 6*(x) at x; 
the differential intensity of muons with momentum 7, at sea level, 
arriving at angles 6 and ¢; 
1 (Po. %- 9), the integral intensity of muons at sea level with cut-off momentum 
Po. and the direction of zenith angle 6. 


(C) Natural constants: 

C, velocity of light in a vacuum, 3 x 10!° cm/sec; 
acceleration of gravity, 980 cm/sec?; 
charge of electron, 4-802 « 10-1! e.s.u.; 
magnetic field intensity at the geomagnetic equator, 0-55 gauss; 
mass of electron, 9-105 « 10-78 g; 
rest energy of electron, 5-1079 x 10° eV; 
mass of the charged pion, 273 m,; 
rest energy of the charged pion, 141 MeV; 
mass of the muon, 207 m,; 
rest energy of muon, 106 MeV; 
mass of the charged A-meson, 968 m,: 
mean life of charged pion, 2-56 « 10-® sec; 
mean life of muon, 2-2 « 10-® see; 
mean life of charged K-meson, 1-2 « 107-8 see; 
specific gas constant of air, 0-287 joules/g °K. 
mean radius of the earth, 6370 km; 
the rate of constant ionization loss in the air, 2-4 MeV/e/g em~*. 


2.2. Integral momentum spectrum of muons at sea level 
The cosmic-ray muons, produced by the decay of pions throughout the atmos- 
phere, decay into an electron (or positron) and a pair of neutrinos. Owing to the 


relativistic time dilatation, the rate of this decay is inversely proportional to the 
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momentum, which is lost by collisions with air nuclei during the flight through the 
atmosphere. 

The situation is expressed by making use of the survival probability (SaNpbs, 
1950); namely, the intensity of muons with the momentum p at the atmospheric 
depth xo, is given by 


a 
Xo 


i,(p, %, 9, 6) dQ - u(p, x, O*h)W(p, x, xy, 9) dx . dQ 2.1) 
JO 
where u(p, x, 9*, ¢) is the differential momentum spectrum of muons at the 
production level x, with the direction 6* and ¢. 

W(p, 2, %, 6) is the so-called survival probability of muons, which is the 
probability that the muons produced at the atmospheric depth x can arrive at the 
depth x, along the direction of zenith angle 6 at x) with momentum p. This is 
given by 

‘ 1 (% sec 4*(a’ 
W (p, 2, %, 0) = exp é | ah : | : da’ 
ct, Je p(x’, %y, O*) . p(x’) 


where 4*(a’) is the local zenith angle of the line of flight at the depth x’, which 
becomes 4 at the depth a, (see Fig. 1). p’(x’, a, 9*) is the momentum of the muon 




















Fig. 1. Relation between zenith angle of incident ray, #*, and atmospheric depth z. 


at the production level a’, which corresponds to p at the depth a) (p and p’ are 


expressed in units of m,,¢). 
Provided that the residual range of muons is 7 and 7’, corresponding to the 
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momenta p and p’, respectively, then p and p’ are connected by the momentum— 
range relation 
p=p(r) and p’ = p(r’) 
where 
Xo 
r'=—r+] sec 0*(x”) dz’. 
Jz’ 

In the above expressions, the scattering and geomagnetic deflexion of muons 
in the atmosphere are disregarded. The influence of the scattering is discussed in 
Section 6.2, and the effect of geomagnetic deflexion in the atmosphere is to be 
discussed in Section 5.2. 


3. DirrusION OF PIONS IN THE ATMOSPHERE 
3.1. Pion intensity as a solution of the diffusion equation 
Pions are produced by the nuclear interaction of the incident primary cosmic- 
ray particles, and pion intensity tends to decrease downward through the atmos- 
phere due to spontaneous decay into muons and absorption by air nuclei. Con- 
sequently, the intensity of pions with momentum p’, at the depth x, can be given 
by 


ig l l 
Y os i Sees * *( >" ” 
| id | ac p(x", 0*) p(x”) ee ae | | 


— 6*(x”) 7 ‘ 
xp | — dx 
—_ J L 


) n 


where F(p") is the differential momentum spectrum of pions at production and 
p"(x", 6*) is the momentum of pions at the depth x” corresponding to p’ at x. p’” 
and p’ are expressed in m,c units, and they are connected by a momentum—range 
relation such as equation (2.3), ie. 


rr 


a” (2",@F} = p"| r’ + sec 0*(x") dx" 
m 


and p’ = p'(r’) where 7’ is the residual range at the depth x, and 6*(x”) is the 
zenith angle at the depth x”, corresponding to 6* at the depth z. 

The first term of the integrand of equation (3.1) gives the attenuation of 
produced pions in the air due to spontaneous decay and the absorption by air 
nuclei. The second term corresponds to the rate of production of pions by the 
primary particles. 

The life range of the pion is about one-hundredth that of muon at the same 
energy. Consequently, the change of zenith angle along their path in flight can be 
neglected. Then equation (3.2) is written 

p"(x", 0*) = p"[r’ + (a — x”) sec 0*(x)]. 

Those pions, which are the parents of the muons observed at sea level, must 
have energies larger than several BeV. Therefore, the rate of ionization loss 
(momentum loss per unit range BeV/c/g em~*) can be regarded as constant, a. 
Then the momentum at x” is 


p’(x2", 0*) = p’ + a(a — x”) sec 0* 
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where p’ is the momentum at the depth x. Making use of the above approximation, 
equation (3.1) is written as 


x t/¢ O¥(a") 2 a” ‘ # (>) \ 
n(p’, x, 0*) -| exp =| | xi lth ls x 4 so "| dz" | 
( ob 45 


) \r.c . p"(z", O*) 


* sec 0*(x”) F(p") 
3 Bae d ” al 
exp | L x L da 


n c 


Furthermore, the approximation equation (3.4) gives us 


”" 


F(p") _ - ss Q* x) 


, ar’ (B,, sec 0*)/(p’ +az sec 6*) sec Q* : ‘ 
x exp | — —x dx 
' 4 / 


, 


where 
/L! = (1/L,) — (I)L,) 
and 


” 


x 


B, (x” a ” 
TC . p(x") 


is the decay factor of pions in the atmosphere. 

This is exactly the solution of the following diffusion equation for obliquely- 
incident pions in the atmosphere, under the boundary condition z(p’, 0, 6*) = 0, 
provided that 6* is regarded as constant. 


On(p’.x. 0*) 


B 
= 8 _(p’, x .0*) — ——- sec 0* . n(p’, x. 0*) 
Ox ae 


a ee 
a(p’, x, 0*) + asec 6* tat Ale 
L, Op 
where 
Oe As F(p’) sec 0* 
Sia’, 2,0"): = exp | - x) 
L, L,, 

The first term in the right-hand side of equation (3.8), S_(p’, x, 9*), is the source 
function of pions in the atmosphere, which consists of the production spectrum of 
pions, F(p’), and the attenuation factor, [exp ( —a . sec 0*/L,,)]/L,, as shown by 
equation (3.9). The source function is not accessible by direct measurement, but 
can be derived from the observable muon spectrum (OLBERT, 1953). F(p’) is 
directly related to the primary cosmic-ray spectrum. However, the relation 
between these two spectra is still not definite, due to the existence of ambiguous 
factors called inelasticity and multiplicity of pion production in nucleon—nucleous 
collisions (IsHrKAWA and Magpa, 1958). 

The second and third term in equation (3.8) indicate the decrease of pions by 
the spontaneous decay and absorption by air nuclei, respectively. In the iso- 
thermal atmosphere, such as in the stratosphere (i.e. above x = 230 g/cm? in our 
model) a/p(2) is constant (6-2 « 105 cm). Therefore, as can be seen from (3.7), the 
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Fig. 2(a). Survival probability W(p, x, xy, 0°) of muons in standard atmosphere. 
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Atmospheric depth,x, g cm* 
Fig. 2(b). Survival probability W(p, x, x) 30°) of muons in standard atmosphere. 
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Fig. 2(c). Survival probability W(p, 2, x9, 45°) of muons in standard atmosphere. 
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Fig. 2(d). Survival probability W(p, x, x9, 60°) of muons in standard atmosphere. 
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g. 2(e). Survival probability W(p, x, x), 75°) of muons in standard atmosphere. 
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Atmospheric depth x; 9 cm 
Fig. 2(f). Survival probability W(p, x, x», 80°) of muons in standard atmosphere. 
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Fig. 2(g). Survival probability W(p, x, 29, 86°) of muons in standard atmosphere. 
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Fig. 2(h). Survival probability W(p, %, #9, 89°) of muons in standard atmosphere. 
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decay factor of pions, B,, is a constant, which is approximately 114 BeV, with p 
expressed in eV/c. For very small x, namely, near the top of atmosphere, the 
decrease of pions due to decay is more predominant than that due to the absorption, 
while for large momentum p, or large x, the absorption predominates. 

The last term of (3.8) stands for the rate of decrease of pions with a certain 
momentum by the momentum loss due to the constant ionization loss. 

It is obvious that the expression in integral form (3.1) is more accurate than 
the solution of the diffusion equation (3.8). Since the path length of pions in the 
atmosphere is not long, except in the extremely high energy region, the intensity 
given by (3.5) is sufficiently accurate for the purpose of the present calculations, 


and it will be used later in this paper. 


3.2. Energy relation between pions and muons 

The momentum of the muon in the rest-system of its parent pion is given 
uniquely because of the two body decay. Consequently, if uniform angular 
distribution in the rest system is assumed, the momentum distribution of muons 
with respect to the observing system for a given momentum of pion is easily 
obtained by making use of the Lorentz transformation. From this result, it can 
be said that the energy of the muon in units of muon rest energy is numerically the 
same as that of its parent pion in units of pion rest energy (ASCOLI, 1950). Therefore, 
the average momentum, p, of muons produced from the pions of momentum p’ is 
given with sufficient accuracy by p’.n, where n = m,,/m,. 

Then the production spectrum of muons in (2.1) is connected with (3.5) by 


2 


I 
u(p. x, 0*, 6) = —" sec 0* 2(p’, x, 0*, d) (3.10) 
xp 


where p = p’.n, and 


(3.11) 


The azimuthal angle dependence of z(p’, x, 6*, 4) arises from that of the 
production spectrum of pions, F(p’,¢) due to the azimuthal variation of geo- 
magnetic cut-off energy of pion-producing primaries. 

R 


Since ‘ ) = — T(z) 
P(X g 


the decay factor of pions in the atmosphere can be written as 


(3.13) 


The derivation of the above relations is based on the unidirectional model; i.e. 
the direction of muon path is assumed to be the same as that of parent particles. 
However, there are two main processes which cause the deviation of the muon 
path from the direction of its parent particle: (i) angular spread at muon produc- 
tion, and (ii) multiple Coulomb scattering of muons in the atmosphere. The 
arguments are as follows: 
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(i) Since most muons are decay products of pions in flight, their maximum angle 
of emission, 6 in the observing system is given by 


max? 
l | m, M™, m,,C 


— i ae 


sin 6 (3.14) 


1 (m m ; 
where 5({—* ——*} m,c is the maximum transverse component of the muon 


2\m, ™, 
momentum, and p’ is the momentum of pion with respect to the observing system. 
For the observable minimum energy of muons, 6,,,, is less than 8°, and for muons 
above several BeV the effect is negligible (OLBERT, 1954a,b). 

(ii) The mean square angle due to Coulomb scattering <@?>.,, is 


‘ 1 [? l d 
<P>, = x. : “9 stage (3.15) 
c «, Jp, B?(— dp/dx) p? 


where HE, ~ 21 MeV and x, = 38 g/cm? (the radiation length in air). p, and p, are 
the momenta of muons at the observing point and at production, respectively. 
For muons with residual range 100 g/em? (p = 0-3 BeV/c) at sea level, this gives a 
root mean square angle of 7° (see Figs. 4a,b). More detailed discussion of this effect 
is given in Section 6. 

The above two effects decrease with increase of muon energy, and above 5 BeV 
of muon energy at sea level, the angular spread due to the scattering is practically 
negligible, as shown by Figs. 4(a,b). On the other hand, if the energy of the pions 
exceeds several hundreds of BeV, the path length of pions in the atmosphere is no 
longer negligible. However, the contribution of such extremely high energy pions 
to the total muon intensity in the atmosphere is not important as that of lower 
energy pions for the present problem of interest. Thus the change of zenith angle 
of the pion path and any deviation of the pion path from its original direction are 
neglected in this paper. 


4. CALCULATION OF THE COEFFICIENTS OF TEMPERATURE EFFECTS 
Differentiation of equation (2.1) with respect to the temperature 7’ at depth 2, 
gives the following: 


(Px 


Spi, (Ds %,9,6)dQ =| dppWdxdQ+ | wd,W dx dQ 
) 


20 


-u(p, Xp, 9,46) « W(p, wy. %, A) Opty dQ (4.1) 


o ( 


where Wg; Xe, %, 8) = I. 


The first and second term give the positive and negative temperature effects, 
respectively, whereas the third term shows the temperature effect upon the 
barometric coefficient. In this paper, the third term will be neglected as it is 
practically negligible except for some special statistical purposes (WADA, 1951; 
TREFALL, 1957). 

The coefficient of partial temperature effect y(2, p, 6, ¢) is defined by 


7 
il. 0 


y(p, x, 6, 6) dT (x) dx [ ‘[a(p, x,6,6) + B(p,x,6,6)| OT (x) dx (4.2) 


20 20 
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Fig. 3(a). Survival probability W(0-5, x, x», 8) of muons in standard atmosphere. 
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Fig. 3(b). Survival probability W(1-0, x, 2, 6) of muons in standard atmosphere 
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Atmospheric depth,x, g cmi* 
Fig. 3(c). Survival probability W(4-5, x, x5, 9) of muons in standard atmosphere. 
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Fig. 3(d). Survival probability W(10, 2, 29, 8) of muons in standard atmosphere. 
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Survival probability W(21, x, a», 6) of muons in standard atmosphere. 
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Fig. 3(f). Survival probability W(43, x, 2», 0) of muons in standard atmosphere. 
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where a(p, x, 0, d) and B(p, x, 0, 6) stand for the coefficients of positive and negative 
temperature effect, respectively. 

67 (x) means the temperature deviation from that of the standard atmosphere 
at the atmospheric depth x, and J, is the total intensity of muons at sea level, 
which is precisely 


P20 


I (Po, %, 9,6) = | 1, (p, %, 9, 6) dp (4.3) 
“Po 
where p,, the cut-off momentum of the muons, is determined by the conditions of 
the measuring instrument. 


4.1. Coefficient of positive temperature effect 
From (4.1), (4.2) and (4.3), we get 

LL. 8 

~ | wit dp oT (x). 


re “Po 7 


a(p, v7, 9,6) dT 
From equation (3.10), we get 


sec 0* ( a 
; 2, 8*, 4) =- - - B_)a(p’, x, 0*, 6) + 
geen ee a Es ~)r(v's2 ?) 
_ sec 6* B On(p’, x, 6*,b) | ( 0 \ B. 
0 


ro 1» Oe 
a ar T sec 6 i; 1(p’, x, O*, d) 


and from (3.13) 


R 
“ ~ 0-52 (BeV/°K). 
J 


sec 4* 
L ax see 0*, 


where 
In (p'/p” . x’ /a) 


x 
| (p' |p” . x’ Jar) Br see O° ip’ + ax see 9°12) ex [ —(sec 0*(x')/L')x’] In (p’/p” . a’ /x) da’ 
__ 0 = : (4.7) 
| (p' |p" ; a ny 6*(x’)/p’ +ax sec 0*(2’) exp [ —(sec 6*(x')/L’)a’] dx’ 
/0 
As shown in Appendix B, the third term in the right side of (4.5) is very small 
compared with the other two terms. Therefore, neglecting the third term, we get 





a 
an” 


Thus (4.4) is written 


l sec 0* ] (z. > | OB, 


(p, x, O*, db) = up, x, O*, d) | - + — rik (4.8) 


- p t+taxsecO* \p" x; 





1 sec 0* 
a(Po, 2, 0,6) = — In [=— > 


ne eas * 
I, Ivo + ax sec 0 
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Directional dependence of atmospheric temperature effects on cosmic-ray muons at sea-level 


It should be noticed that the primary cosmic-ray spectrum is not necessary 
for these calculations, provided that the production spectrum of muons u(p, x, 6*, 4) 
is given. 

It should also be noticed that in the extremely high energy case we get the 
following limit from equation (4.9), putting p’ — oo: 

e 1 OB 
a( po, x, 9, h) 6 ry I uw B “ 6T dp 
oT 1S: glen oT 
x— ]}] ww dp =a: (4.10) 


7 


mec eee eS 
Thus, the coefficient of positive temperature effect increases with the energy of 
cosmic-ray particles, but it does not exceed the limit 1/7’ (~0-45%/°C), as already 
remarked by several authors (Miyazima, 1948; TREFALL, 1953; Marpa and 
Wapba, 1954). 

The integrand in equation (4.9) is essentially due to the competition between 
the processes of pion-decay and absorption of pions by air nuclei. Therefore, 
the following relation can be shown under the simple approximations (DORMAN, 
1957): 

0B, | - sec 0* in (2 =) iT oT 1/L, | (4.11) 
oT LB. p’ + ax sec 6* -—*! a) TP L(B,/xzp’) + /L,))° 
The right-hand expression was derived by DuPERIER (195la), and the energy 

dependence of this process is essentially expressed by this factor. 





.2. Coefficient of negative temperature effect 
From (2.2), using the relation shown by (3.12), we arrive at 
. I R, [* sec 0%’), : 
Fe, m2; 0. = ——~ J"(x') dx’. 
TC J px 
Taking the derivative with respect to the temperature 7'(x’), we get 


sa = K 3 = OT (ax’) da’ 


WwW "Jax px 


where the term due to sec 6* is neglected, as before, and we put 


Thus, 


[uw 0,6) X dp W(p, 2, %, 9) dx 


4 


=F} “0 sec O*(x’) 


| Mie. x, 0, db) W( , ed = OT (x') da | da 


vx Pa 


/0 


K , sec 0*(x 
f a ', @', 0, d)W(p’, x’, x, 9) in| cc ath OT (x) dx 
px 


0 O¥ (a 
x, 0, d) meee ( . OT (x) dx. 
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On the other hand, from (4.1), (4.2) and (4.3), the coefficient of the negative 
temperature effect is given by 
| f°? @F 


- 


- “Po oT 
Put the relation (4.12) into (4.15) and note (4.14); then we get finally 
KK, [” sec 0*(2) 


I, Jpn pa 


it 


B( Po, x, 9, 6) OT (x) dp oT (x). (4.15) 


B( Po, X, 9, P) i(p, x, 0, 6) dp 


where 7,(p, x, 0, d) is defined by the equation (2.1). 


5. SURVIVAL PROBABILITY OF MUONS IN THE STANDARD ATMOSPHERE 


5.1. Momentum and range relation of muons 

For the low energy muons which are still observable at sea level, the momentum— 
range relation is not linear, and the formula given by OLBERT (1953, 1954a,b) is 
available for the muons of range from 30 to 6000 g/cm?, i.e. the momentum range 
from 150 MeV/c to 15 BeV/c. For muons of momentum above 15 BeV/c, the 
approximation of constant ionization can be used. However, a more general 
expression, in which the radiation losses are included, is given by Hayakawa and 
TomonaGa (1949). Thus, the following formulas are used in numerical caiculations: 


30 <r < 6000 g/em? (5.1a) 


- 6000 g/em? (5.1b) 


where Sgicm', ££, = 207 x 


b = 1-534 x 10-* g-* em’. 


The accuracy of constants a and b may be only two or three significant figures, 
but four figures are used to connect the second formula with the first one at 
yr = 6000 g/cm? with sufficient smoothness for the sake of later numerical work. 
The curve for equation (5.1a,b) is shown in Fig. 5. 

It is to be noted that for the muons of energy less than several hundred BeV, 
namely r < 104 g/em?, the formula (5.1b) is approximated by 


Thus, the momentum-—range relation (5.1b) for this energy region is practically 
given by the approximation of constant ionization loss, p = ar. 


5.2. Atmospheric quantities as a function of the atmospheric depth 


The structure of the atmosphere is different at different latitudes. However, 
a model of the atmosphere can be adopted for the sake of simplicity and 
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the rigorous computations of h(x), p(a), and sec 9*(x) in the survival probability 
W(p, X, Xp, 9). 

The characteristic constants are shown in Section 2.1, (A). 

The atmospheric quantities in the survival probability, (2.2), are therefore 
expressed as functions of atmospheric depth x, with respect to the atmospheric 
model adopted for the present work which is essentially the same as the Inter- 
national Standard Atmosphere, except for minor differences in pressure at ground 
and at tropopause (BERRY ef al., 1945). The explicit forms of these quantities 
are shown in Appendix A. 
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Fig. 5. Momentum-—range relation of muons in air. 


5.3. Survival probability neglecting the geomagnetic deflexion in the atmosphere 

Within the limit of validity considered at the end of Section 3.2, the path of a 
muon in the atmosphere can be regarded as a straight line, if the deflexions due to 
the earth’s magnetic field in the atmosphere are neglected. Then the corresponding 
survival probability, (2.2), can be computed by making use of the formula (5.1), 
in which the momentum of muons p is expressed explicitly as a function of the 
residual range *. The results are shown in Figs. 2(a—h) and in Figs. 3(a-f) as a 
function of « with the parameter p and 0, respectively. 


5.4. Correction for geomagnetic deflexion; calculation of the deflexion angle 
The angle of deflexion d@ of a single-charged particle with momentum p in a 
uniform magnetic field B along the geometrical path length dS is 


do ih eB 
dS gp Pp 
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Therefore, if 6’ and 6 are the incident zenith angle of muons at the atmospheric 
depth x and 2, respectively, we get 
; ~: Bee 
6’(x) — O(x%°) = ds 
Jo p 
where 
ds’ sec 0*(x’) _ , 
4S" = = dx’. 
p(x) 
Using the definition of survival probability of muons, (2.2), we get the following 
simple expression for geomagnetic deflexion (first-order approximation): 


A(z, 0) = (ts) 


, 


l \ sec 0*(x’) 
— dx 


TC Jx p(x") p(x’) 


'(p, £, %q, 9) 
where 


B/(m,,/7,e)- 


B is the horizontal component of the earth’s magnetic field and m,,/7,¢ = 5-66 
gauss. B is given as a function of geomagnetic latitude, 2, by the dipole approxi- 
mation: 

M cos 4 


niece [Rp + h(a) 


Mf x 
: I ays | cos 4 


' i, * Ry 
where JV is the magnetic dipole moment of the earth. 

The present calculations are concerned with the deflexion of muons in the 
atmosphere, and the order of h(x)/#,, is less than 10~*; also, the number of significant 
figures of field intensity is less than three. Thus, the decrease of geomagnetic field 
intensity with altitude in the atmosphere can be neglected. Then, instead of 
(5.6), the following formula can be used with sufficient accuracy. 


B(A) = By cosh (5.7) 


where B, = M/R,° is the intensity of earth’s dipole field at the geomagnetic 
equator, 0-55 gauss. 

Thus, the deviation of the muon’s path from the straight line making zenith 
angle @ at the observing point is to be expressed as a function of x, 6 and / for a 
given residual range of the muon, 7, by making use of the relations (5.4), (5.5) and 
(5.7). 

Deflexion angles in the east-west plane are shown in Figs. 6(a—d) to Figs. 
9(a,b), as a function of x, for different values of zenith angle 6 and the momentum 
p at different geomagnetic latitudes (A = 0°, 30°, 50° and 75°). 
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Fig. 6(c). Angle of geomagnetic deflexion. 4 








5.5. Correction of the path length of muons for the geomagnetic deflexion 

Taking the geomagnetic deflexion and the curvature of isobar levels in the 
atmosphere into account, the first approximation to the path length of muons in 
the atmosphere s serving to correct equation (2.3) is 


ar 
¢, 42; 8)-= | ‘sec 0, ‘(a’) de’ (5.8) 
where 
6,’ (z’) = 0+ A, (2') — A(z’). (5.9) 
A,,(«’) is the deflexion angle due to the geomagnetic field, as given by equation 
(5.4) and is actually a function of momentum p, of muons, zenith angle 0 at ob- 
serving point, and geomagnetic latitude / as well as the atmospheric depth zg, i.e. 


A. = Be, 9,9, A). (5.10) 
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Fig. 6(d). Angle of geomagnetic deflexion. / - 


A.(a) is the correction of zenith angle due to the curvature of the earth’s surface 
and atmospheric strata. Since h(x) < Ry, A, can be written as a first approximation 
(see Fig. 1): 

h(x) tan@ | h(x) 


i oie te ON a = —— tan 6. 5.11 
A A.(ax, 6) & Fie R, un (5.11) 


c 


The plus and minus signs in (5.8) and (5.9) correspond to positive and negative 
muons coming from the east (or negative and positive muons from the west), 
respectively. 

The momentum of muons at production, p’(r’), corresponding to the momentum 
at the observing point, p(r), is therefore given by 


5.12) 
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Fig. 7(c). Angle of geomagnetic deflexion. 2 = 30°, 6 = 86°. 


Where the signs of suffixes are to be taken correspondingly (cf. equation (2.3)). 
Thus, instead of (2.2) the survival probability of muons should be given by 


2 sec 6 ,’(x’) 


| J 
W .(p, %, Xp, 0) = exp Eg wi . 
T,CJx P(X )p(x 


de’ (5.13) 


The meaning of suffixes is the same as above. The second approximation of 
geomagnetic deflexion A,,’ can be obtained by substituting W .’ for W(p, a, x, 6) 
in (5.4), by giving a scheme of successive approximations. However, this correction 
is significant only for small values of W(p, x, xz), 0), as can be seen from equation 
(5.4), which is not as important for the atmospheric effects as are the large values. 
Consequently, the further approximation is neglected in this paper. The survival 
probabilities given by (5.13) are shown in Figs. 10(a—c) to Figs. 13(a,b) as 
function of x, p and 6 at geomagnetic latitudes 0°, 30°, 50° and 75°. 
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Fig. 8(c). Angle of geomagnetic deflexion. / 50°, 


6. NUMERICAL CALCULATIONS 


6.1. Production spectrum of muons 
Correcting SANDS’ results (1950), OLBERT (1954a,b) gave an empirical formula 
of production spectrum for the vertically incident muons as follows; 


u(r’, x) = G(r’) exp (— ~) 


where 
A 
l gy’ ess 


A is a constant, while a’ is a function of geomagnetic latitude. 
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Validity of the formula (6.1) for obliquely-incident muons is shown by Harris 
(1955), who measured the momentum spectrum of muons coming from east and 
west at zenith angle 45° and from the vertical near the magnetic equator. According 
to his conclusion, formula (6.2) is considered to hold anywhere on the earth’s 
surface in any direction of incidence, provided that parameter a’ is given as a 
function of cut-off momentum p, corresponding to the given zenithal direction at 


the given geomagnetic latitude. Thus, the formula (6.1) can be extended to the 


case of obliquely-incident muons as follows: 
A’ 


x 
ay sidan MT evar * 
, a'(p,)|*°8 i | L,, si: : 
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where #*(x) is the zenith angle at x, corresponding to 6 at x) and 


ro 
r=) + } sec 6*(x') dz’. 
cr 


r’ is the residual range of muons at x = a. 

Constant A’ given by Harris (1955) is slightly different from that of OLBERT 
(1954a,b): ie. A’ = 7-33 x 104and A = 7-31 x 104, respectively. This difference 
is not important, however, since in this paper only relative intensities are to be 
considered: the differential momentum spectrum of muons for oblique incidence 
is therefore given by 


ro A’ 
i(P, %. 0,6) dQ = i) ir’ + a'(p) 58 exp |[(—a/L,,) sec 0*|W(p, x, %,0)dadQ (6.4) 


where the survival probability W(p, x, vp, 8) is given by the equation (2.2). 


The values of cut-off momentum of primary cosmic rays p, are given by ALPHER 
(1950), as a function of geomagnetic latitude and of zenith angle in the east-west 
and north-south planes.t 

If the geomagnetic deflexion of muons in the atmosphere is taken into account, 
the differential momentum spectrum of muons at production should be written as 
follows, instead of the formula (6.3): 


v 
tlt. 2. oh = % exp|(— x/L,,) sec 0*(x)] (6.5) 
e 


CS ( Pp.) r™ 


where _’ = 7) + 8,, and s, is given by equation (5.8). 
Correspondingly, the differential momentum spectrum of muons at sea level 
is given by 
— 4! 


ou (p, Xo> f). d) dQ = 


Jo [r a a(p,)|®°8 
exp [(—a/L,,) sec 0*(x)|W .(p, x, %. 6) dx dQ (6.6) 


where W .(p, x, %, 6) is given by equation (5.13). In the equation (6.5), the 
geomagnetic deflexion of muon-producing particles in the atmosphere is disregarded, 
since it is negligible even for the particles producing muons of observable lowest 
energy at sea level. 

To date, there is only one experimental result to be compared with (6.6). 
Moroney and Parry (1954) measured the differential momentum spectrum of 
positive and negative muons arriving at zenith angle 6 = 0°, 30° and 60° in the 
east—west plane at A = 47°S. In Fig. 14 the momentum spectra of positive and 
negative muons calculated by (6.6) for 6 = 60° at 2 = 50° are compared with 
Moroney and Parry’s experimental results. In Fig. 15, the total (positive and 
negative) momentum spectra for 6 = 0°, 30° and 60° at 2 = 50° are compared. 


+ Strictly speaking, ALPHER’s is merely a first order approximation, as shown by recent investigations 
(ROTHWELL, 1958; QuENBY and WEBBER, 1958). However, if one considers the accuracy of the observa- 
tion of atmospheric effects, this will be permissible approximation even at present. 
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Fig. 10(a). Survival probability W-(p, x, %9, 0°) of muons under geomagnetic deflexion. / = 
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Fig. 10(b). Survival probability W +(p. x, x9, 60°) of muons under geomagnetic deflexion. 4 = 0°. 
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Fig. 10(¢c). Survival probability W +(p, 2, a9, 75°) of muons under geomagnetic deflexion. 
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6.2. Zenith angle dependence of muon intensity; correction for Coulomb scattering 

It can be seen from Fig. 15 that the calculated intensity of muons for large 
zenith angle is lower than that measured at the low energy side of the spectrum. 
This indicates that the multiple Coulomb scattering in the atmosphere cannot be 
disregarded for the low energy muons, as was remarked by KRAUSHAAR (1949). 
Thus the correction for multiple Coulomb scattering of muons in the atmosphere 


is done as follows: 
4et the effective angle of multiple Coulomb scé ‘ing of muons in the atmos- 
Let the effect gle of multiple Coulomb scattering of m the at 
phere be @,; then the intensities within this angle are approximately given by 


— dt,(8) | 8, d*i(6) _ 9.2 d%i,,() 
"Sar = 2 dé 3! d@ 
Since the odd terms are cancelled by addition in finding the average, the average 
intensity of muons scattered with this angle (, is 


6,2d%i,(0) 0.4 d%i,(6) 


"as age =) 
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(a). Survival probability W +(p, x, 7), 0°) of muons under geomagnetic deflexion. 
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Fig. 11(b). Survival probability W +(p, x, a», 60°) of muons under geomagnetic deflexion. 7 = 30°. 
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Fig. 11(c). Survival probability W +(p, x, x9, 75°) of muons under geomagnetic deflexion. 


A 30°. 


where 6,” can be estimated by the mean square angle of multiple Coulomb scattering 
§?>,, which is given by (3.15) and shown in Figs. 4(a,b). 

Since the mean square angle of multiple Coulomb scattering is a function of 
atmospheric depth x for given momentum of muons at sea level, the left-hand side 
of equation (6.8) should be integrated with respect to x for each value of zenith 
angle # and residual range of muons. This process is simplified by making use of 
the effective height of muon production, which can be shown by plotting the 
integrand of equation (6.4) or (6.6) against the atmospheric depth x. These curves 
are shown in Figs. 16(a,b,c) for three different zenith angle, 6. Thus the mean 
square angle of multiple Coulomb scattering <6?>,,, at 2,,, is to be regarded as 
the effective square angle of multiple Coulomb scattering of muons in the atmos- 
phere 6,” in the equation (6.8), where x,, is the atmospheric depth which corresponds 
to the height of maximum muon production for a given momentum of muons at 
sea level and zenith angle, 6. From Figs. 16(a,b,c) one can see that the effective 
height of muon production is lower than that of maximum muon-production level. 
The errors due to the arbitrariness of x,, are very small, however, since the angle 
of multiple Coulomb scattering is approximately constant in the region of these 
levels, as can be seen from Figs. 4(a,b). 
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Fig, 12(a). Survival probability W +(p, x, x», 0°) of muons under geomagnetic deflexion. 2 = 50°. 





LO 










































































600 800 1000 
Atmospheric depth,x,g cm’ 


Fig. 12(b). Survival probability W =(p, 2, x9, 60°) of muons under geomagnetic deflexion. 2 = 50°. 
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Atmosperic depth,x,g cm* 
Fig. 12(c). Survival probability W (p, x, 2), 75°) of muons under geomagnetic deflexion. 
A= 50°. 

From Figs. 16(a,b,c) one can see that the effective height of muon production 
level is higher for muons of higher energy at sea level and that it is also higher for 
larger zenith angle of incidence for muons with a single energy at sea level. 

For the evaluation of the right-hand side of equation (6.8), derivatives are 
obtained by numerical differentiation of 7,(p, x, 6,4) with respect to the zenith 
angle 6, where 2,,(p, %, 9, #) is the first term of the right-hand side of equation (6.8) 
and is given by equation (6.4) or (6.6). It should be also noticed that 7,,(p, a9. 4, ¢) 
is concave upward with respect to zenith angle @ at large zenith angle, but convex 
at small zenith angle, since it has a maximum for the vertical direction. Thus the 
effect of multiple Coulomb scattering is to tend to mitigate the steep decrease of 
muon intensity at large zenith angle. The values of 7,,(p, 2%, 0, ¢) are shown in Fig. 
15 by dotted lines, comparing with experimental results obtained by Moroney 
and Parry (1954). The agreement with the experimental results seems rather 
fortuitous, if one considers the differences in geomagnetic latitudes and atmospheric 
conditions between the computations and experiments. 

In the above corrections, the angular dispersion due to pion—muon decay, 
which is briefly discussed in Section 3.2, has been omitted-since this contribution is 
less than that of multiple Coulomb scattering for the same energies of muons at 
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3(a). Survival probability W.(p, x, x9, 0°) of muons under geomagnetic deflexion. 7 
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13(b). Survival probability W =(p, x, x9, 75°) of muons under geomagnetic deflexion. 1 = 
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sea level. Furthermore, the mean decay angle decreases with zenith angle since 
the average energy of muons able to reach sea level after production increases 
with zenith angle of incidence; therefore the correction for the angular dispersions 
due to pion—muon decay at large zenith angle becomes negligible, as can be seen 
from equation (3.14). 


” 


6.3. Calculation of In (2 =] in equation (4.7) 
o 2 


Because of the relatively short range of the pion, the change of zenith angle along 
its path is negligible. Therefore, sec 0*(x’) in the integrand of equation (4.7) can 
be replaced by sec 6*(x), where x is the upper limit of the integral. 
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Fig. 14. Differential momentum spectrum of muons at 2 = 47° with 0 = 60° from east. 
- positive muons @. -— negative muons A. 


Furthermore, the momenta of pions are larger than several BeV/c, as mentioned 
in Section 3.1. Therefore, the momentum loss along the path, (~ — 2’) see 0*(2), 
is negligible as compared with the momentum p’ at decay, namely 


l 
Any 
+. [a(x — a’) sec 0*]/p’ 
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Fig. 15. Differential momentum spectrum of muons. 4 ~ 50°; 6 = 0°(Q), 30°( A) and 
60°(()). ---—- corrected for multiple coulomb scattering. 


This approximation can be also justified by the following reason: the integrands 
in equation (4.7) contain the term 


(" 


'\ (Br sec 6*)/(p’ +ax sec 0*) 
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where B, =~ 103 (114 Bev/m,c?), 0 < ax < Li 
x’ <x and sec 6*(x) > 1. 


For small values of p’, this term decreases rapidly for x’ < 2, and it is significant 
only at x’ ~ x, where the value is very close to unity. Thus the contribution of the 
integrals in equation (4.7) arises only from the neighbourhood of x’ = x. Therefore, 
even in the case where the ionization loss might not be negligible, the contribution 
of the term, a(a — 2’) sec 0*, to the total value of integral (4.7) arises only from 
the vicinity of x’ = x. So the approximation equation (6.9) does not introduce any 
serious error into the integration of (4.7) which can be written, 


ies A Mama [i (x’/x)4 exp (— sec 0*/L')x’ In (a’/a) dx’ 
In -. x —} = ee 
P [ (a’ /ar)4 — sec 0*/L’)a’ dx’ 


“(ae'/aeyt exp (— sec 6*/L’)x’ In (p'/p”) dx’ 
(6.10) 
[‘ (x’/a)? exp (— sec 0*/L’)a 


where 
B, sec 0* (6.11) 
es ae : ). 
f p’ + ax sec 6* 


For large values of p’, the second term can be neglected by an approximation 
(6.9). Then the value of equation (4.7) is given by 


x, 0) 


6.12 
Vee) (“a 


where 
sec 0* 


ZT x’) dx’ (6.13) 


I(p’, x, 6) 


J(p’, 2, 6) = rey exp — x’) In (“| dx’. (6.14) 
J0 , 4 v 


In the case of large value of x, the functions (6.13) and (6.14) are enumerable 
by making use of incomplete gamma functions in the following way. 
Putting 


sec 0*(x) 
L’ 


xv 


equation (6.13) is rewritten 
L' l 
sec O*(x) | t4 


t 
i ute du. 
0 


I(p', %, 6 rq +1) 


where 
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Fig. 16(c). Effective production levels of muons in atmosphere. @ = 60° 
(ordinate in arbitrary units). 


Similarly, (6.14) is rewritten as follows: 


L' i 
J(p’, x, 0) = E Pig +1) — (nar ig 4 | 


sec 0* . t Ldg 


Therefore, for large values of x, (6.10) can be written 


Ee ae c 
In (= x —) = ————_J— 1, (q + 1) — (nq + 1 
. (" x ig +1) ldq ' (7 ) — Un Ob (¢ + 1) 


l 
eed lin Ciqg +1) —In | . 
dq 


(6.19) 


Iq + 1) is given by tables (PEARSON, 1957). 
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For small values of 2, function (6.13) and (6.14) are approximated by expanding 
the integrands in power series, and then (6.12) is written 


where g and ¢ are given by (6.11) and (6.15), respectively. 
The numerator and the denominator of this approximation are both slowly 
converging series. There, (6.20) is available only for small values of ¢ (i.e. 2’ sec 6* 
L’), or very large values of q (i.e. B, sec 6*(x) > p’ + ax sec 6*). 
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7. Curves of In [(p’/p”)(x’/x)] = f(q, t). 


However, (6.20) is practically evaluated by using the following expansion, 
which eliminates most of the above defects (MAEDA, 1959): 


[pp «@) _, (ADL + (3t/A®) — (4t/A8) + 5(¢ + 3)/AS —...] 
In a m [1 + (t/A2) — (t/A%) + (t + 3¢)/A4 —...] 


x 
where A = 1+ q +t. 
The values of In [(p’/p") x (a’/x)] are shown in Fig. 17, plotted against g, where 
(sec 6*/120), x is taken as a parameter. 
6.4. Differential and integral partial temperature coefficients 
Since no measurements of cosmic-ray intensity can be done with zero angular 


aperture, it is convenient to express the temperature coefficients by an integrated 
value with respect to the zenith angle and azimuth of incidence in order to compare 
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the present theoretical results with experimental findings. For this purpose, the 
integrations are performed numerically after plotting the differential coefficients 
a(py, x, 0,4) and f(po, x, 6, 6) found in equations (4.9) and (4.16) against zenith 
angle 6 and azimuth angle ¢. 

When the geomagnetic effect is disregarded, the integration with respect to 
azimuth angle ¢ gives only a constant factor. Thus, the resulting coefficients 


5) 


0 
A(po, x, @) : [ a(py, 2,0) x [O — 6] dé 
“ J0 
and 


Bip, x, 8) = — B(po;, x, 9) x [O — 6] dO 


where © is the half-angular aperture of the measuring instrument, and the factor 
(2/07). (O — 6) is an approximate expression of the detection efficiency of the usual 
cubical telescope (KAWASAKI et al., 1957). 

The differential partial temperature coefficients, «(pp , x, 4) and P(py, x, 6) are 
shown in Figs. 18(a-d) and Figs. 19(a—d) for different zenith angle, § = 0°, 
60°, 75° and 86° against atmospheric depth x, taking the cut-off momentum at the 
observing point py as a parameter. The zenith angle dependence of «(p 9, 2, 6) and 
B(po, &, 9) are shown in Figs. 20(a—d) and Figs. 2l(a—d) for different cut-off 
momentum (py = 43, 10, 1-0 and 0-3 BeV/c) taking the atmospheric depth x as a 
parameter. 

Integral coefficients of positive and negative temperature effect, A(py, x, ©) and 
B(py, x, ©) are shown in Fig. 22 for a cut-off momentum 0-5 BeV/c, taking the 
half-angular aperture of measuring instrument, © as a parameter. 

In order to show the influence of geomagnetic deflexion of muons in the atmos- 
phere upon the temperature effect, the temperature coefficients «, (pp x, 0, 6,) and_ 
B.(po, t, 9, dx) are plotted in Fig. 23 for the ease of 2 = 50°, 6 = 60°, d = 90 

=¢,), as an example. «,(p,2,9,¢,) and P.(p,2,6,¢,) are given by the 
following equations: 


7T 
—— ¢ 


an” 


sec 6.’ x In | 0B 


a, (Me, x, 0, de a 3 ; ) 
% + (Po Px) I pp. + ax sec 6,’ 


(6.24) 


and ; ———= 4, ,(p, £, 8, dy) dp (6.25) 


where uw ,(p, x, 6, dg) is given by (6.5). 


Q 


W. (p, £, Xg, 9) is given by (5.13) 


x 


i, (p, #, 9, dz) = u(p, x’, 6, de)W (p, x’, ty, 0) da’ 


CO 


0, .(p, x, 9, dy) dp. 
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Fig. 20(a). Zenith angle dependence of 
a(p, x, 0). p = 43 BeV/c. 








bk} | 
30° 60° 75° 80° 86° 

sec 9 
Fig. 20(c). Zenith angle dependence of 
a(p, x2, 6). p = 1:0 BeV/e. 
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Fig. 20(b). Zenith angle dependence of 
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Fig. 20(d). Zenith angle dependence of 
a(p, 2, 0). p = 0-3 BeV/e. 
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7. CONTRIBUTIONS OF K-MESONS 

According to Krurre. ef al. (1957), the production ratio of 7*:K*:7r* in 
cosmic rays is approximately 1800:24:1-5. The K~’s in their paper includes 6*, 
kK, and K,, in the latest nomenclature of elementary particles (JACKSON, 1958; 
SALAM. 1958). On the other hand, in this new nomenclature, 7..’s are included in 
K-mesons. One sees that the only direct muon-producing particles other than 
pions are kK, and K,,,, and that the branching ratio of K,, and K,,, is 58:5. There- 
fore the relative ratio of muon-production by AK-mesons to that by pions is 
roughly 1:120. These ratios are given with respect to the total intensity of cosmic 
rays at middle latitude, where the geomagnetic cut-off rigidity is several BeV/c. 
Although the energy dependence of these production ratios is not known definitely, 
it can be expected that the relative intensity of K-mesons to pions increases with 
energy, as the threshold energy for A-meson production is larger than that for 
pions. 

It is obvious that A-mesons do not make any contribution to the negative 
temperature effect because their mean life is so short that the shift of effective 
production levels of muons in the atmosphere through A-muon decay is negligible. 
As already noted in Section 4.1, the magnitude of the positive temperature effect 
increases with energy, but there is an upper limit, which is approximately 0-45°/°C. 
Therefore, it is very difficult to detect the contribution of K-mesons to the tempera- 
ture effect on cosmic-ray intensity. The only feasible way to see this contribution 
might be the analysis of the energy dependence of the positive temperature effect 
between several tens of BeV and several hundreds of BeV of muons, which can be 
obtained by underground measurements of muon intensity. This point is briefly 
considered by computing «,(p, 2), where constants are taken as follows: mean 
life 7, 1-2 x 10-8 sec, mean free path for nuclear absorption in the air L, 

L_ = 60 g/em?. 

Comparison of this with pion decay is shown as a function of residual momentum 
of muons at sea level in Fig. 24. The ratio of K,,, to K,, is less than 0-1. Moreover, 
the production rate of all varieties of A-mesons is less than 1°, of pions created in 
the several BeV region. Therefore, contributions of K,,, to the temperature effect 
on cosmic rays is not detectable even if the production rate of K,.-mesons increases 
with energy remarkably. As a whole, the effect of the existence of K-mesons in 
cosmic rays is to reduce the magnitude of the positive temperature coefficient for 
a given energy of muons. Therefore, if the abundance of K-mesons increases with 
energy, it can be expected that the value of the positive temperature coefficient 
does not increase with energy as it would in the case of pure pion—muon decay, 
and that its value will be somewhere between two curves in Fig. 24 for the reference 
level x = 60 g/cm?. 

8. DiscussIon AND SUMMARY 
8.1. Comparison with a statistical result 

In the statistical analysis of atmospheric effects on cosmic ray intensity, the 
negative temperature effect is usually expressed by regression coefficients between 
the relative deviation of cosmic-ray intensity, A//J, and the deviation of the height 
of reference levels in the atmosphere, AH. 
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Fig. 21(a). Zenith angle dependence of Fig. 21(b). Zenith angle dependence of 
B(p, ©, 9). p = 43 BeV/c. B(p, x, 0). p = 10 BeV/e. 
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Fig. 21(c). Zenith angle dependence of Fig. 21(d). Zenith angle dependence of 
B(p, x, 0). p = 1:0 BeV/c. B(p, x, 0). p = 0:3 BeV/c. 
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According to the newest analysis given by FrRENcH and CHasson (1959), for 
example, the regression coefficients are as follows: 
(A) b, = —3-77 + 0-66%/km, 0b,) = —3-11 + 0-70%/km and by = —3-54 + 


2-88 °%/km 

(B) 6, = —3-29 + 0-75%/km, 6, = —3-65 + 0-79%/km and by, = —3-27 + 
1-61°,/km 

where b,, b,) and by, stand for the reference level of 50 mb, 100 mb and 200 mb, 


respectively. (A) and (B) indicate the cosmic-ray data obtained by the counter 
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Fig. 22. 
measuring instrument. Cut-off momentum of instrument is 0-5 BeV/c. 


telescope of half angular aperture 25° x 40° (telescope A) and 70° x 40° (telescope 
B), with instrumental cut-off momentum of 370 MeV/c (20 cm Pb). Ifthe tempera- 
ture changes below these levels are assumed to be uniform, the corresponding values 
of negative temperature coefficients are given by the following integrations: 


“1000 
| B(po, x, ©) dx (8.1) 


« 200 
200 


1000 
by = [ B(p,, 2, ©) dx = B(po, 2, ©) dx - 
~ 100 


~/ 100 


1000 100 
5,’ = [ B(po, 2, 9) dx = B(po, x, O) dx + dy’. 


/ 50 
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Fig. 23. Temperature coefficients corrected for geomagnetic deflexion. 4 = 50°, 0 60°. 


Using the numerical values of B(p,, x, @) shown in Fig. 22, the following values 
are obtained: 
(i) Assuming © = 30°, corresponding to (A) 
b,’ = —0-256%/°C, by’ = —0-240%/°C and bgp’ = —0-206%/°C. 
(ii) Assuming © = 60°, corresponding to (B) 
bs’ = —0-260%/°C, dip’ = —0-236%/°C and boy’ -0-201%/°C. 
Provided that the normal height of the reference level is H, (in km), the height 
of the reference level with temperature deviation A7’, is given by 
é AT an = ff 
H=H,(1 +5 | a ta PB. 8.4) 
. 273 af 37: 


where T' is the average temperature between the reference level and the observing 
position (°K). 
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H, is approximately 12, 16 and 21 km for the levels of 200, 100 and 50 mb 
respectively. Therefore, the above coefficients are converted by the relation 


aT 


b, caf (8.5) 


) — 
‘ dH 


Thus, we arrive 
(A) for © = 30° 
bs = —3-32%/km by -4:10%/km and by) = —4:70%/km. 


(B) for © = 60° 


b,; = —3-39%/km b,, = —3-86%/km and by) = —4-58%/km. 


5 


Similarly, the value of positive temperature coefficients are given by 


, 2, 9) dz = A(p, x, @) dx + ay, 
/50 
where a,, and a;, stand for the mean temperature between 100 mb and 200 mb 
(7,2), and that between 50 mb and 200 (7). 
Using the values of A(py, 2, @) shown in Fig. 22, the following values are 
obtained: 
(i) for (A), assuming 0 = 30° 


Ayg = 0-:009%/°C and a, = 0-014%/°C 


52 
(ii) for (6), assuming © = 60° 


Ayo = 0:008%/°C and as. = 0-016%/°C. 


These values are to be compared with the following one (Table 9 in FrRencH and 
CHASSON, 1959). 


(A) 100 mb Duperier +0-107 + 0-036%/°C 
50 mb Duperier +0-131 + 0-047%/°C 
(B) 100 mb Duperier +0083 + 0-018%/°C 
50 mb Duperier +0°188 + 0-030%/°C 


The actual temperature change is not uniform in the atmosphere; therefore 
strict comparison must be made taking the original individual data into account. 
The above comparison shows, however, that the regression coefficients estimated 
from the present calculation based on the integral partial temperature coefficients 
are consistent with statistical results of experimental data, except for the positive 
temperature effect. 


+ b, for the 200 mb Duperier model in Table 9 of FRENcH and CHasson (1959) becomes negative 
because the contribution between 50 mb and 200 mb is not corrected for negative effect (i.e. only one 
200 
temperature below 200 mb level is used). This result should therefore be compared with (A + B) dx 
; : 50 
instead of ds». 
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Fig. 24. Positive temperature effects due to decay of pions and K-mesons. «,, xq (Temp. 
coefficients for x = 60 g cm7?). 


The calculation of the positive temperature effect is based on the pion—muon 
decay and on its competitive process of pion absorption by air nuclei, giving results 
which are almost one order of magnitude smaller than the statistically-obtained 
values in the relatively low-energy region. Therefore, one can conclude that the 


decay process of muons also contributes to the statistically-observed positive 
temperature effect, especially at low energy regions; the following reasons are 


cited: 

(i) The temperature changes of the upper and lower atmosphere are often of 
opposite phase; therefore, if the correlation is made between cosmic-ray intensity 
and the temperature at high altitude, it should apparently give a positive sign. 
This argument is discussed by OLBERT (1953, 1954a,b). But the temperature 
changes in the upper and lower atmosphere are not always opposite, especially in 
the case of the diurnal variation, where both change in the same phase (MAEDA, 
1953). The general disagreement with OLBERT’s theoretical expression of experi- 
mental data is shown by recent statistical investigations (WADA and Kubo, 
1954, 1956: BacHELET and Conrorto, 1956; FRENcH and CHaAsson, 1959). 

(ii) In the statistical survey the correlations are calculated between the 
observed cosmic-ray intensity, /, the height of a reference level, H, and the 
temperature, 7’, above (or around) this level. On the other hand, the production 
of muons is not restricted to lie within the single thin layer but is dispersed through 
a fairly wide range in the upper atmosphere around the average height, H.,,,, of 
muon-production (as shown in Section 6.2). 

The partial correlation, r;p 4, means the correlation between J and 7' while 
the reference level H and the barometric pressure P are fixed as constant. There- 
fore, if such a reference level is taken higher than the average height H,,, a larger 
temperature 7’ gives a lower height of effective production level, owing to the 
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volume expansion of atmosphere between H and H,,, which leads to a larger 
observed muon intensity at sea level, 7. Consequently, the correlation between 
I and T appears positive. On the contrary, if the height of reference level H is 
taken lower than the average height of muon-production H,, this sign becomes 
negative. 

This effect is discussed in detail by TREFALL (1953, 1955a,b,c). With this 
discussion, it should be remarked that for a height of the isobar level H it is 
recommended to take the height difference between the level of reference and the 
1000 mb level instead of the absolute height of the reference level. This choice 
eliminates the following two sources of errors: 

(a) The overlapped contribution of barometric pressure change to the partial 

correlation between J and H (for instance, an increase of barometric 
pressure leads to the increase of isobar-height, even though the atmospheric 
temperature is kept constant; however, the difference of the height of an 
isobar level H and that of the 1000 mb level H, is constant as long as the 
temperature between H and H, is constant). 
The difference between the ascending measurements and the ground 
measurements of meteorological factors (even if the initial point of ascension 
data is calibrated with the ground instrument, there is usually a large gap 
in data, due to the difference of measuring conditions). 

(iii) The rate of arrival of muons at sea level is a function of the rate of their 
energy loss in the air because their lifetime in the observing system is a function 
of the momentum. On the other hand, the rate of energy loss of muons, which is 
mostly due to the collision loss in the air, is proportional to the air density. There- 
fore, the probability of muon survival to sea level changes with the vertical 
distribution of air density. To arrive at an intuitive understanding of this effect, 
let us consider two cases of vertical distribution of air density, the one (A) corre- 
sponding to the largest possible lapse rate of atmospheric temperature, which is 
called the ‘“‘auto-convective lapse rate’’,t and the other an arbitrary possible case 
(B). The survival probability of muons is least in (A), even though the height of 
production may be the same as in (B), because the larger density in the upper part 
of the atmosphere of (A) shortens the life of muons by causing a larger rate of 
energy loss early along the path. Since the density of air is inversely proportional 
to the air temperature, a higher temperature in the upper layer gives a larger 
probability that muons will survive to sea level. Consequently, this gives the 
positive temperature effect. This contribution is discussed by many authors 
(FEINBERG, 1945; Dorman, 1954; Wapba, 1951), and a numerical investigation 
has been done by TREFALL (1955b), assuming a simple model of atmosphere and 
its temperature variations. 

(iv) Besides the above considerations, further comment is given on the positive 
temperature effect by Hayakawa and his colleagues (1955), who emphasized the 
contribution due to the difference of attenuation mean free path of primary 
nucleons L, and that of the produced pions L,. The point of their argument is 
as follows: 


+t This is the same as the “‘lapse rate in homogeneous atmosphere’, namely, if the temperature 
gradient exceeds this lapse rate, the air density increases upward. 
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The pions of momentum p at atmospheric depth x are mainly produced in the 
layer of thickness xp/B_,, where B, is the decay factor of pions. Within this layer, 
the rate of pion-production is proportional to 1/Z,,, and that of absorption by air 
nuclei is proportional to 1/Z,. Therefore, the fractional change of pion intensity 
caused by the fractional temperature change AT7'/T, is 


aT £2 ( l l 
9 i del 

Consequently, if L, = 60 g/em* and LZ, = 125 g/cm?, as assumed in the above 
paper, the contribution due to the difference of the two attenuation mean free paths 
should give a negative effect. As it has already been remarked by TREFALL (1957), 
to take L_ = 60 g/em?, corresponding to the geometric absorption cross-section 
of the air nucleus is actually an assumption, contrary to taking L, = 125 g/cm’, 
which is based on direct measurement (TicHo, 1952). It is clear, however, that the 
last contribution to the temperature effect is very small in comparison with other 
contributions due to the muon decay, especially in the low-energy region. 

Thus, one can conclude that the greatest part of large positive temperature 
effect at low energy muon data should be ascribed to the contribution (iii), since in 
the statistical investigations of temperature effects, the temperature changes below 
the reference levels are regarded as uniform up to the height of the levels used. In 
this respect, the correction for atmospheric temperature effects of original cosmic- 
‘ay data by means of partial temperature coefficients, will eliminate the ambiguities 
due to the contributions mentioned above. 

Another significance of the partial temperature coefficients is that any muon 
datum can be normalized to an intensity under the same standard atmosphere, 


using the temperature deviations of each level from that of the standard atmosphere 
(MAEDA, 1956). 


8.2. Zenith angle dependence of temperature effects 

The main purpose of the present computation of partial temperature coefficients 
is to examine the relation between the temperature changes at different levels in 
the atmosphere and the variation of muon intensity for different energy at sea 
level, for different zenith angle of incidence, different angular aperture of measuring 
instrument, ete. Therefore, the general features of these coefficients will be 
discussed in the following. 

For the vertically-incident muon intensity, the coefficient of partial negative 
temperature effect, B(p), x, 0°), has a maximum near the 100 g/cm? level, corre- 
sponding to the effective height of muon production in the atmosphere. This level 
of maximum effect shifts upwards (toward smaller values of x) with increase of 
zenith angle and energy of incident muons. Therefore, for large zenith angle of 
incidence, the temperature at higher altitude becomes important. At the same time, 
the temperature near the ground is also not negligible, as it can be seen from 
Fig. 19(d). The latter seems due to the non-linearity of the range-momentum 
relation at the low-energy end of the muon spectrum, and to the rapid increase in 
air density near the ground. 

The zenith angle dependence of negative temperature coefficients is shown in 
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Figs. 21(a-d), in which [(p, 2,6) is plotted against In sec 6. From Fig. 21, 
it can be seen that the value of the coefficient, /(p, x, 6), of low energy muons 
around the effective height of production (a = 60-120 g/cm?) reaches a maximum 
near @ = 75°. The feature of this zenith angle dependence of the negative tempera- 
ture effect is explained as follows: 

The coefficient of the negative temperature effect is essentially given by the 
temperature derivative of the survival probability of muons in the atmosphere; 
namely, as an approximation it is written 


OW(p, x, Xp, 9) 


8.8 
ar (8.8) 


[(p, x, 9) 


and 
ls >» 0 \ 
W(p, 2, %, 0) ~ exp __ sec 6 r| 
Pp 


(8.9) 


where / is the path length of muons between production level and sea level (multi- 
plied by a suitable constant to render the exponent dimensionless) and 7’ is an 
average temperature between two levels. 
Then we get 
l sec 6 
A(p, x, 6) = -exp 
p 


For very large value of p, i.e. p > I sec 0, exp[— (l sec 0/p) T] = 1; 


therefore 


Namely |f(p, x, 9)| increases with 6 for large values of p. 
On the other hand, for very small value of p, i.e. p <I sec 6, 


l sec 0 ; l sec 6 l 


+ axsec§~ ax 
therefore 

l 1 sec 6 

B(p, x, 0) = exp | — ——_ T 
ax p 

where p, is the momentum at observing point corresponding to the momentum p 
at the atmospheric depth x. Consequently /(p, x, 6) is nearly independent of 6 for 
small p, and actually decreases with 6 due to rapidly decreasing exponential term, 
exp [— (l sec 0/p)7'}. 

If we consider the above mentioned discussion for fixed value of p, {(p, x, 9) 
increases with 6 for small value of 0, i.e. for sec 6 <p/l and decreases slightly for 
large value of 6, i.e. sec 6 > p/l. In other words, from equation (8.10). 

OB(p, x, 6) l l sec 6 


l P . 
# en es T se / , Caps bs Sea oa 5 3] 
ear ( ; sec 9) x exp > t) (8.11) 
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Therefore, 6(p, x, 6) takes a maximum value at sec 6 ~ p/I7’; namely the angle 
of maximum /(p, 2, 9) is larger for larger value of p and smaller for larger /, which 
corresponds to a higher altitude of reference level. 

The above discussion is valid, however, only in a limited range of muon momen- 
tum and with the reference level 50 < x < 300 g/em?, since the gradient of air 
density and of atmospheric temperature as well as the change of zenith angle with 
atmospheric depth due to the curvature of the isobar level are disregarded here. 

The zenith angle dependence of positive temperature effect is shown by the 
following formula (TREFALL, 1955b), 


b(6) = b(0) + k(In cos 6) (8.12) 


where b(@) is the positive temperature coefficient for muons arriving from a zenith 
angle 6 and k is slowly varying function of the cut-off momentum of recorders and 
has a value of 0-12%/°C, approximately. Even though the coefficient of positive 
temperature effect, «(pp , 7,6), in the present computation does not include the 
contribution due to muon-electron decay, while the above formula is derived by 
considering the effects of muon-decay mentioned at Section 8.1, the formula 
(8.12) is a good approximation of «(pp , 7,9) below the level of 100 mb (i.e. for 
x > 100 g/em?), except for computing absolute values. For x < 100 g/cm?, 
however, k becomes rather negative; namely b(#) increases with 6, due to the 
upward shift of the effective height of pion production. 


8.3. Effect of geomagnetic deflexion 

The main feature of this effect is as follows: for the muons coming from the 
east direction, the negative temperature effect becomes larger for positive muons 
and smaller for negative muons due to the change of path length between production 
level and observing level, as shown in Fig. 23. Similarly, the positive effect is 
smaller for negative muons coming from the east direction, but practically the 
difference of this effect for positive and negative particles is negligible. The 
change is reversed for the muons from west, and the difference is largest at the 
geomagnetic equator. On the other hand, the relative intensity of low-energy 
muons is higher in the west direction than east due to the lower cut-off energy of 
primary particles arriving from the west direction. Consequently, the rate of 
increase of coefficient of the negative temperature effect with decrease of instru- 
mental cut-off energy is larger in west direction than in east. The cut-off energy 
due to the earth’s magnetic field does not have a simple pattern, as shown by 
ALPHER (1950), but it is rather irregular even along the geomagnetic equator 
(RoTHWELL, 1958; QUENBY and WEBBER, 1959); moreover, it is quite a com- 
plicated function of geomagnetic latitude and longitude due to the effects of 
penumbra (ScHwartTz, 1958) and shadow cone (Kasper, 1958). Therefore, the 
influence of the geomagnetic field upon the temperature effects of cosmic-ray 
intensity is not simple even in the east-west plane. It can be generally concluded, 
however, that the negative temperature coefficient for high energy muons (above 
3-5 BeV) in the east direction is larger than in the west due to the positive excess 
of muons. However, for the total intensity, including low-energy muons below 
several BeV, the relative magnitude of the negative temperature coefficients for 
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the east and west directions will be reversed due to the difference of energy spectrum 
for the two species of charge. 

As a whole, the negative temperature coefficient is larger in the west direction 
if the total intensity of muons is observed. 

Since the positive temperature effect is predominant only for high-energy 

muons, for which the geomagnetic deflexion is negligible, the difference of this 
effect in east and west direction does not seem significant even at the geomagnetic 
equator. 
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APPENDIX 
A. Expression of the Atmospheric Quantities as Functions of x 
1. Height, h = h(x) 


By making use of the hydrostatic formula, the atmospheric depth is expressed 
as a function of height, i.e. 


g [" dh | 
ee ee All 
roexp | BR, Jo Th) sani 


where Ff, is the gas constant of air and g is the acceleration of gravity. 
For the troposphere, 7'(h) = 7, —Th, therefore 
— sia 
x = ty |—— ae 
1 0 
For the stratosphere, T(h) = 7,; then 
g 
x = x,exp| — ——— 
| a 


a 


(h, — »)] oe (A.3) 


Therefore, the height is given as a simple function of atmospheric depth x, by 


(H — lx™ ior 2p 2, (A.4a) 


a 


lH, —nlInzx for «<2, (A.4b) 


- 


where H, = 44-332 km, i = 11-865, mM os 


h(x) = 


H, = 45:-440km, and n = 6:335. 


2. Density of air, p = p(x) 
The density of air is given by the gas formula 
p(h) = R, x T(h)/P(h) 


where P(h) is the barometric pressure at the altitude h. 
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For the troposphere, this can be written by making use of (A.2) 


x \ 1-—(T'R,/9) 
me 22% (A.6) 


5nd 
p(x) = po ~ 
where py = 1-235 x 10-3 g/cm, air density at sea level, and x) = 1030 g/em?. 
Similarly, for the stratosphere, by (A.3) 
x 
2) = pr— A.7 

p(x) Pt x, (A.7) 

where p, = 3-7 x 10-4 g/cm air density at the tropopause. 
The above equations are expressed by the formula 


o2” tr “2> 2) (A.8a) 
p(t) = 
Ppt fie 2a, (A.8b) 


CR 
where p, = 4:516 x 10-6 g/cem$, p, = 1-607 x 10-§ g/em and m’ = 1 — —*= 0-81. 
g 
3. Sec 6*(x) = f(x, 6) (effective zenith-angle function) 
If the radius of the earth is R,, and the height of the level of atmospheric depth 
x is h(x), then sec 6* is given by 





sin? 6 ie 
(1 + [h(x)/Ry])? 


where h(a) is given by (A.4) (see Fig. 1). 


(A.9) 


sec #* — [ <3 


B. A Remark on the Temperature Derivative of sec 0* (2) 
In the equation (A.9), h(a) is a function of average air temperature, 7’, which 
is approximately given by 


AT 
h(x) = ho(1 o 2 (B.1) 


" 273, 
where fh, is the average height of the A(x) and 7 = 273 + AT. 


The temperature derivative of sec 6* is, therefore, 


d Si 2 
am (see 6*) = — sec? 9* - R 1 ee (B.2) 


The estimation of the size of this quantity for the plausibly largest case is, 
taking 6 = 89°, h, = 30km (for which sec#* ~ 10, sind~1 and h(x)/R,z 


= h,/Ry <5 x 10-3) 


d 
‘Ui (sec 0*) < 2 x 107? (per °K) (cf. equation (4.6)) 


Therefore, for oblique directions less than 89°, the contribution of this term to 
the value of (4.5) can be neglected. 


243 





ALPHER R. A. 

ASCOLI G. 

BACHELET F. and Conrorto A. M. 

BaRRET P. S., BOLLINGER M., 
Coccont G., EISENBERG Y. and 
GREISEN K. 

BERRY F. A., BoLtuay E. 
BEERS N. 

BLACKETT P. M. S. 

30WEN I. S. 

BrunBErG FE. A. 

CHASSON R. L. 

DorMAN L. I. 

DorMAN L. I. 


and 


DUPERIER A. 
DUPERIER A. 
DUPERIER A. 
FEINBERG E. L. 
FRENCH W. R. Jr. 
Harris F. B. 
Harris F. B. and Escosar I. 
HAYAKAWA B8., Ivo K. and 
TERASHIMA Y. 
HAYAKAWA 8S. and TOMONAGA SS. 
ISHIKAWA G. and MarEpDa K. 
JACKSON J. D. 


JOHNSON T. H. 

KawaASAKI §8., Konpo I., Wapa M. 
and Mryazaki Y. 

KEUFFEL J. W., HARRISON F. B., 
GopFrey T: N.K., Cara R. N. 
and SANDMANN W. H. 

KRAUSHAAR W. L. 

MaeEpa K, 

MagEpa K., 

MarEpa K. 

MaeEpa K, 


and Wapba M. 
Mtyazima T. 
Moroney J. R. 


and Parry J. K. 
OLBERT SS. 

OLBERT SS. 

OLBERT SS. 

PEARSON K. 


QuUENBY J. J. and WEBBER W. R. 
Lossr B. 
2ossi B. 
2ossi B. 


ROTHWELL P. 


and CHaAsson R. L. 


KatcHt MAEDA 


{EFERENCES 


1950 
1950 
1956 
1952 


1949 
195la 
1951b 
1945 
1959 
1955 
1955 
1955 


1949 
1958 
1958 


1941 


1957 


1957 


1949 
1953 
1956 
1959 
1954 
1948 
1954 
1953 
1954a 
1954b 
1954 


1958 
1932 
1948 
1952 


1958 


244 


J. Geophys. Res. 55, 437. 
Phys. Rev. '79, 812. 
Nuovo Cim. 4, 1479. 
Rev. Mod. Phys. 24, 133. 


Handbook of Meteorology. McGraw Hill, 
New York. 

Phys. Rev. 54, 973. 

Phys. Rev. 45, 349. 

Ark. Fysik 14, 195. 

Phys. Rev. 89, 1255. 

Dokl. Akad. Nauk SSSR 95, 49. 

Cosmic Ray Variations. State Publishing 
House, Moscow. (Translation by US 
Air Force Technical Documents Liaison 
Office.) 

Proc. Phys. Soc. Lond. A 62, 684. 

Nature, Lond. 167, 312. 


J. Atmosph. Terr. Phys. 1, 296. 


Dokl. Akad. Nauk SSSR 58, 421. 


J. Atmosph. Terr. Phys. 14, 1. 


Thesis, M.1.T. 
Phys. Rev. 100, 255. 
Progr. Theor. Phys., Osaka 14, 497. 


Progr. Theor. Phys., Osaka 4, 287. 

Nuovo Cim. 7, 53. 

The Physics of Elementary 
Princeton Universities Press. 


Phys. Rev. 59, 11. 


Particles. 


J. Sci. Res. Inst., Tokyo 51, 107. 


Phys. Rev. 87, 942. 


Phys. Rev. 76, 1045. 


J. Geomagn. Geolect. Kyoto 5, 105. 


Rep. Ionos. Res. Japan 10, 9. 
Ph.D. Thesis, University of Nebraska. 


J. Sci. Res. Inst., Tokyo 48, 71. 


Progr. Theor. Phys., Osaka 8, 99. 

Aust. J. Phys. 7, 423. 

Phys. Rev. 92, 454. 

Thesis, M.I.T. 

Phys. Rev. 96, 1400. 

Tables of the Incomplete Gamma Function. 
Cambridge University Press. 

Phil. Mag. 4, 90. 

Mem. Acad. Lincei 15, 62. 

Rev. Mod. Phys. 20, 537. 

High-Energy Particles. Prentice-Hall, New 
York. 

Phil. Mag. 8, 961. 





Directional dependence of atmospheric temperature effects on cosmic-ray muons at sea-level 


SaLam A. 

Sanps M. 

ScHWARTZ M. 

TicHo J. H. 

TREFALL H. 

TREFALL H. 

TREFALL H. 

TREFALL H. 

TREFALL H. 

Wana M. 

Wana M. 

Wapa M. and Kupo 8S. 
Wapa M. and Kupo 8. 


1958 
1950 
1958 
1948 
1953 
1955a 
1955b 
1955e 
1957 
1951 
1959 
1954 
1956 


Endeavour 17, 97. 

Phys. Rev. '77, 180. 

Nuovo Cim. 11, 27. 

Phys. Rev. '74, 1197. 

Nature, Lond. 171, 888. 

Proc. Phys. Soc. Lond. A 68, 625. 
Proc. Phys. Soc. Lond. A 68, 893. 
Proc. Phys. Soc. Lond. A 68, 953. 
Physica 238, 65. 

J. Sci. Res. Inst., Tokyo 45, 77. 
Private communication. 


J. Sci. Res. Inst., Tokyo 48, 245. 


2 
J. Sci. Res. Inst., Tokyo 50, 1. 





Journal of Atmospheric and Terrestrial Physics, 1960, Vol. 19, pp. 246 to 259. Pergamon Press Ltd. Printed in Northern Ireland 


On the magnetic time dependence of the auroral zone currents 


B. Huurevist and G. GusTAFSSON 
Kiruna Geophysical Observatory, Sweden 


(Received 6 June 1960) 


Abstract—The difference in geomagnetic time between Kiruna (Sweden) and College (Alaska) for the 
evening passage of the geomagnetic horizontal component through the zero-disturbance level was 
evaluated in respect of 386 days with well-developed current systems during the period from 1950 to 
1953. A significant average difference of 42 min was found. The higher spherical harmonic terms of the 
geomagnetic field may account for 28 min, but even the remaining time difference is statistically signifi- 
cant. It may be due, it is suggested, to a slow rotation of the nodes of the auroral zone current system 
(approximately one-fourth of a degree per hour) with respect to the sun in a direction counter to the 
earth’s rotation. Our studies showed no secular variation in the geomagnetic time difference, but a 
pronounced seasonal variation. This may be attributed to a seasonal variation in the velocity of rotation 
of the horizontal auroral zone current system. 


INTRODUCTION 


THE existence of horizontal current systems in the upper atmosphere corresponding 
to the geomagnetic disturbance field was suggested by CHAPMAN (1935) and 
VESTINE and CHAPMAN (1938). Such systems are, however, valid only for the 
ideal case of coinciding rotation and magnetic axes of the earth. Schuster noted 
as early as 1908 the presence of magnetic effects that were not dependent solely 
on local time. CHAPMAN (1927) considered that these effects were possibly due to 
the asymmetry of the geomagnetic and geographic axes. The dependence of the 


diurnal variation on the position of the magnetic poles has since been the subject 
of several investigations. Kwetr (1936) sought to establish some extremes of the 
disturbance field coinciding with the passage of the magnetic dip pole through the 
midnight meridian, and he based his results partly on the investigations of Stace 
(1935a,b). The most comprehensive study of the geographical characteristics of 
the disturbance field was reported by VEsTINE (1938). He concluded that the 
disturbance daily variation, S,, in high latitudes had a simple distribution that 
was mainly dependent on geomagnetic latitude and geomagnetic local time. 
However, no quantitative statistical data on this geomagnetic time dependence 
were presented. 

That the inclination of the geomagnetic axis in relation to the rotation axis may 
cause asymmetries and irregularities along the auroral zone is suggested by the 
recent theoretical work of Marpa (1958) and experimental investigations of BLock 
(1958). Maeda calculated the field induced by the earth’s rotation and found that it 
would cause a westward turning of the geomagnetic equator plane around the 
rotation axis. Block found in his terrella experiments that when he inclined the 
magnetic axes of the terrella with regard to the symmetry plane of the experi- 
mental set up, the auroral zone became irregular and patchy. 

It is plausible, therefore, to assume that differences may exist between the 
diurnal variations of the geomagnetic disturbance field at different places with 
the same geomagnetic latitudes but differing geomagnetic longitudes. 
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Hence it is of interest to study in quantitative detail the geomagnetic time 
dependence of the auroral electro-jet for the two places of College (Alaska) and 
Kiruna (Sweden), which have almost identical geomagnetic latitudes (64:5°N and 
65:3°N respectively) but widely different geomagnetic longitudes (104:6°W and 
115-5°E). Such a study is presented in this report. 


METHOD OF INVESTIGATION 


In studying the geometry of the auroral zone horizontal current in relation to 
the time angle of the earth and the position of the geomagnetic axis pole with 
respect to the sun, it is advisable to take some characteristic of the records of the 
horizontal component of the geomagnetic field the time of which is easy to determine 
in typical cases and the physical meaning of which is clear. 

In geomagnetic latitudes near the auroral zone the S, field is much stronger 
than the D,, field (cf. e.g. the recent investigations into the morphology of weak 
and moderate magnetic storms by SuciuraA, 1955, SuarurA and CHAPMAN, 1957), 
and consequently the daily variations of the horizontal component on disturbed 
days nearly always have a pattern similar to that illustrated in Fig. 1. 














12 


Local’ time 


Fig. 1. Spin the horizontal force H for the first day after the start of an average moderate 
storm for the observatories Troms6, Sodankylé and Lerwick having a mean geomagnetic 
latitude of 65° (after SucrurA and CHAPMAN, 1957). 


Fie. 1, after SuagruRA and CHAPMAN (1957), shows the average S, pattern for 
the first day after the start of a moderate magnetic storm for three observatories of 
Troms6, Sodankylaé and Lerwick, with an average geomagnetic latitude of 65° N. 
During the next few days the amplitudes of the deflections decrease but the general 
pattern is maintained. 

For investigation of the extent to which the geomagnetic variations are deter- 
mined by the position with respect to geomagnetic poles and the sun, i.e. geomagnetic 
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time*, the latter was determined for the evening crossing of the horizontal com- 
ponent of the geomagnetic field and the zero variation line at College and at 
Kiruna. In fact the geomagnetic X-component is measured at Kiruna but as the 
declination is very near zero the time of crossing of this component and the zero 
variation line does not differ significantly from the corresponding time for the 
H-component. 


Sun 


00 


Fig. 2. An idealized picture of the horizontal auroral jet current, showing the direction of 
the current with regard to the direction to the sun and the approximate local times for 
change of current directions at Kiruna. M indicates the northern magnetic axis pole. 


Physically, this time defines the point at which the horizontal auroral zone 
current changes from an easterly to a westerly direction. 

The following requirements were satisfied by the records used: 

(1) There were manifest positive and negative phases in the records of the 
horizontal component from both College and Kiruna. 

(2) In cases of rapid variations of small amplitude superposed on large scale 
variations, the minor variations were eliminated by smoothing. We used only days 
for which the mode of smoothing was evident—i.e. there were two classes of 
variations differing widely in frequency and amplitude. 

(3) Records for which the crossing time was difficult to establish were excluded. 
Thus, only typical days with well-developed and undisturbed auroral zone current 


* Geomagnetic time is defined as the angle between that geomagnetic half-meridian plane opposite 
to that in which the sun is and the geomagnetic half-meridian plane of the place in question, measured 
from the former half plane in the direction of the earth’s rotation. 
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systems of the type shown, highly idealized, in Fig. 2 were used. Data on heavy 
storms with major oscillations were excluded. 

An example of the magnetograms employed is presented in Fig. 3. The time 
of crossing of the zero-disturbance level is well defined and can be read with an 
accuracy of better than 5 min. The example in Fig. 3 is somewhat superior to 
the average; as a rule the crossing time is expressed in full hours and multiples 
of 5 min. 

The period investigated is made up of the four years from 1950 to 1953 inclusive. 
They were chosen because they happened to be the last years for which published 




















Fig. 3. An example of a good record of the horizontal component, on which the time of the 
evening passage of the record through the zero variation line is well defined. 


College magnetograms were available at the start. Sixty-three days of 1950, 
seventy-eight of 1951, 157 of 1952, and eighty-eight of 1953 were selected on the 
basis of the criteria mentioned above. 

We evaluated the apparent times and the apparent geomagnetic times of zero- 
variation-level transit for each day both at College and at Kiruna, as well as the 
differences between the respective times for the two places. 


EVALUATION OF THE GEOMAGNETIC TIME 


The apparent geomagnetic time, ¢,,, corresponding to the apparent time, ¢, for 

a point on the earth with geographical longitude / (positive in the easterly direction) 

and geomagnetic longitude A (also positive in the easterly direction) can easily be 
shown to be 

—cos 6 sin (J, + 4 — t) | 

(1 — [cos 6, sin 6 — sin 9, cos 6 cos (¢, + 4 — #)]?)') 





(1) 


ty = A + arc sin 


where f,, is expressed in degrees or radians. In this equation 
6 is the declination of the sun, 
§, is the geographic colatitude of the geomagnetic axis pole, and 
¢d, is the geographic longitude of the geomagnetic axis pole (positive 
towards west). 

The geometry is illustrated in Fig. 4, where the time angles also are shown. In 
this diagram P denotes the place for which equation (1) gives the geomagnetic 
time, and OH is the direction to the sun. It is usually a simple matter to find the 
correct branch of the function (1). 

Since it would be laborious to compute ¢,, for some 800 ¢ values (both College 


249 





B. Hutrevist and G. GUSTAFSSON 








Fig. 4. The geometry for the determination of the geomagnetic time. The apparent 
geomagnetic time angle, t;;, and the apparent time angle ¢ are shown. P denotes the place 
for which the time angles are to be determined. OH is the direction to the sun. 


and Kiruna magnetograms) with the aid of equation (1), the approximate formulas 
(2) and (3) were derived. 
For College 


bee = eee 8 — EB) 15 — [26-9-+ 4-9 sin (0-983.D-81-5) sin (15t, + 
) 


and for Kiruna 


et | ae ~ — E) 15 + 25-0 + 4-9 sin (0-983D-81-5) sin (15t, + 89-3) (3) 


where t;, is measured'in degrees 
tisow is the mean time of the 150°W meridian, measured in hours, 
ty; is the universal time in hours, 
t, is the apparent time of the place in question (equal to the expressions 


within the first parentheses in (2) and (3) respectively), measured in 
hours, 


E is the time equation, measured in hours, as obtained from the Swedish 
almanack*, and 


D _ is the ordinal number of the day of the year (1-365). 


The position of the geomagnetic axis pole for epoch 1945 as evaluated by 
VESTINE et al. (1947) was used (6) = 11-4°, dy = 70-1°). 
Expressions (2) and (3) were obtained by calculating numerically the differences 


between the geomagnetic and the solar apparent times (t,, — t_,) for those times of 


* In most ephemerids the plus or minus symbols for the time equation, EL, are the reverse of those 
used in the Swedish almanack. 
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the day and year when the difference t,, — t, is maximal, minimal and average 
respectively (i.e. for the days of summer and winter solstice and the equinoxes and 
for the apparent times 0000, 0600, 1200 and 1800 hours). Through these extremes 
and zero points the sinusoid functions of expressions (2) and (3) were drawn. 

In comparative numerical calculations with (1) and with (2) and (3) the results 
accorded within 1° (4 min). This measure of accuracy was quite sufficient for our 
purposes, and since (2) and (3) are much faster to use than (1) they were employed 
for the calculations that will be described below. The numerical results of (2) and 
(3) also coincide, within a few minutes of time, with those found by the method 
of CHAPMAN and SuaiuRa (1956). 




















Degrees 


Fig. 5. Histogram for the difference between geomagnetic times Aty for crossing of the 
zero-variation level at Kiruna and at College for the total statistical material (386 days of 
the years 1950-1953). Aty is 10-6° (42-4 min of time). 


DIFFERENCE BETWEEN APPARENT GEOMAGNETIC TIMES OF PASSAGE OF THE 
GEOMAGNETIC HORIZONTAL COMPONENT THROUGH THE ZERO-DISTURBANCE LEVEL 
AT COLLEGE AND AT KIRUNA 


The frequency function of the difference between geomagnetic times for 
crossing of the zero-variation level at Kiruna and at College is shown in Fig. 5. 
Thé average difference between geomagnetic time at Kiruna and geomagnetic time 
at College is 10-6°, i.e. 42-4 min, and the standard deviation of the distribution is 
22-1°. The coefficient of skewness has the value 0-04 with a standard error of 0-13, 
and the coefficient of excess is —0-39 + 0-25. Thus neither the skewness nor the 
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excess show any significant deviation from zero. That the distribution in Fig. 5 
does not deviate significantly from the normal distribution is verified by the 7? 
test. For the distribution studied the 7? value is 12-7; the 7? value for a 5 per cent 
confidence level is 23-7 and for a 0-1 per cent level 36-1. 

Testing of the hypothesis that the average for the population is zero gives a 
t value of 9-4, while the ¢ value corresponding to a confidence level of 0-1 per cent 
is 3-3. The confidence interval for a confidence level of 0-1 per cent is 10-6 + 3-7. 
The mean of 10-6 degrees thus shows a highly significant difference from zero. 
The geomagnetic time of the zero-variation level transition is, on the average, 
42-4 min greater at Kiruna than at College. 


Table 1 





13-8 





In order to ascertain if there is any secular variation of the geomagnetic time 
difference between Kiruna and College, the average and the standard deviation 
were calculated for the years 1950 and 1953 separately. The numerical results are 
presented in Table 1. 

On testing of the hypothesis that the average values are identical, the ¢ value 
was 0-40; the corresponding 5 per cent confidence level ¢ value being 1-96, and 
the 0-1 per cent value 3-29. Thus no significant difference exists between the 
average geomagnetic time differences for 1950 and 1953. 

The seasonal variation of the geomagnetic time differences between Kiruna and 


Table 2 





Winter Summer 


Aty Aty OAty 


19-6° 21:3 





College was studied. The statistical material was broken down into three groups: 
Winter (Nov., Dec., Jan., Feb.), Equinoxes (March, April, Sept., Oct.), and 
Summer (May, June, July, Aug.). The histograms for the three seasons are shown 
in Fig. 6, which demonstrates a gradual change of the average towards higher 
positive values from the winter through the equinoxes to the summer. To test the 
significance of the difference between the summer and winter averages, the averages 
and standard deviations for those seasons were calculated and are presented in 
Table 2. On testing of the hypothesis that the two averages in Table 2 represent 
identical population values, at value of 8-5 was found, while the ¢ value for the 0-1 
per cent confidence level is 3-3. The difference between the two averages is highly 
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significant. Thus in winter the geomagnetic time for crossing of the zero-variation 
level in the records of the geomagnetic H-component is, on the average, 7 min of 
time greater at College than at Kiruna, and in the summer 78 min greater at 
Kiruna. 
































l tl 
1 


0 
-40 fe) fe) 40 80 














Degrees Degrees Degrees 


Fig. 6. The statistical material broken down into three groups: Winter (Nov., Dec., Jan., 
Feb.), Equinoxes (March, April, Sept., Oct.) and Summer (May, June, July, Aug.). 
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Fig. 7. Median values and the upper and lower quartiles of the geomagnetic time difference 
between Kiruna and College for the passage of the H-component record through the zero- 
variation line of the complete statistical material for each month separately. 


The seasonal variation of the geomagnetic time difference between Kiruna and 
College is quite evident in Fig. 7, where for the four years 1950 to 1953 the median 
values and the upper and lower quartiles are shown for each month separately. 
The geomagnetic time difference between Kiruna and College has a maximum in 
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the summer and a minimum in the winter. It will be seen that the lower quartile 
for July is higher than the upper quartile for February. 

For purposes of comparison the difference of the ordinary apparent time for 
crossing of the zero-variation level was evaluated and average values were calculated 
for the same statistical material that is treated above. The numerical figures for 
At , are given in Table 3. 


Table 3. Difference between Kiruna and College 
of the ordinary apparent time for crossing of the 
zero-variation level 





Total material Winter Summer 


—41-7 —44-4° —40-6° 








On the average the apparent time of zero-level passage is thus 167 min greater 
at College than at Kiruna; by comparison, the geomagnetic time is 42 min less at 
College. 

Whereas the apparent time difference between Kiruna and College is accord- 
ingly much greater than the geomagnetic, the seasonal variation of the former 
difference is much smaller than that of the latter. From Table 3 it will be seen 
that the average apparent time difference is only 3-8°, i.e. 15 min, greater in 
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Fig. 8. Median values and the upper and lower quartiles of the apparent time difference 
between Kiruna and College for the passage of the H-component record through the 
zero-variation line, of the complete statistical material for each month separately. 


summer than in winter, but the corresponding geomagnetic time difference, as 
found from Table 2, is 21-3° (85 min) greater. 

The smaller seasonal variation of the apparent time difference is also evident 
from a comparison of Fig. 8 with Fig. 7. The histogram in Fig. 7 has its maximum 
in the summer, but in Fig. 8 the maximum is displaced in the positive time direction, 
as is the winter minimum. For all the months that are shown in Fig. 8 the inter- 
quartile range overlaps somewhat the corresponding interval for all other months 
of the year, but the same is not true of the geomagnetic time difference, shown in 


Fig. 7. 
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The fact that the geomagnetic time difference between Kiruna and College 
for crossing of the zero-variation level has a normal distribution does not warrant 
the conclusion that the geomagnetic times themselves at the two places are 
normally distributed, for the variables may be dependent. It is of some interest 
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Fig. 9. Histogram representing the distribution of the apparent geomagnetic time (measured 
in degrees) of crossing of the geomagnetic H-component record and the zero-variation line 
at College. 
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Fig. 10. Histogram representing the distribution of the apparent geomagnetic time 
(measured in degrees) of crossing of the geomagnetic H-component record and the zero- 
variation line at College. 


therefore, to study the distribution of the geomagnetic time of passage at College 


and at Kiruna. The histograms representing these distributions are shown in 


Figs. 9 and 10. 
y? tests show that the distribution for College in Fig. 9 does not deviate signifi- 


cantly but that the Kiruna distribution in Fig. 10 deviates almost significantly, 
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from the normal. It is seen from Fig. 10 that the geomagnetic time at Kiruna has 
a skew distribution. Both ¢,, distributions can, however, be regarded as approxi- 
mately normal. 

The average values and standard deviations for the evening passage are 
presented in Table 4 for the total statistical material (1950-1953). 

The difference in t,, between Kiruna and College is 11°, which is the average 
value of the distribution of At,, shown in Fig. 5. 


Table 4 





College 
Kiruna 





If the material is broken down into seasonal groups, the parameter values shown 
in Table 5 emerge. 
The difference between the average geomagnetic times in winter and in summer 


is highly significant for both College and Kiruna, and the ¢,, differences between 
the two places closely accord with the average At,, values shown in Table 2. 


DIscUSSION 
It has been shown above that the geomagnetic time difference between Kiruna 
and College for the evening passage of the geomagnetic horizontal component 
through its zero-disturbance level, has a normal distribution. This fact corrobor- 


Table 5 





Winter Equinoxes Summer 
Cty 
College 


Kiruna 





ates the physical picture as well as the hypothesis on which the selection of the 
statistical material is based; namely, that the variation in the time of zero-level 
passage is due to superposition of independent, randomly distributed disturbances 
of the auroral current system, where the errors introduced in reading of the records 
play a role. 

The actual geomagnetic time of the relevant phenomenon has been found to 
have an approximately normal distribution. 7? tests showed no significant deviation 
from the normal distribution. It is reasonable to assume that the average of the 
geomagnetic time-difference distribution is the difference between the average 
geomagnetic time distributions for Kiruna and for College; and this is verified 
numerically above. 
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While the apparent time difference between Kiruna and College is —41-7° 
(—167 min) the geomagnetic time difference is only +10-6° (42 min). Hence the 
current system, in the first approximation, may be regarded as being fixed with 
respect to a geomagnetic coordinate system which does not rotate with the earth 
but is fixed in relation to the sun. 

An appreciable part of the average geomagnetic time difference between Kiruna 
and College, which is +10-6° (42 min) may be due to the influence of the higher 
spherical harmonic terms of the geomagnetic field. Even if the conception time 
angle is debatable in a system without axial symmetry a kind of time analogous 
to ordinary geomagnetic time may be related to angles formed with an axis through 
those points on the earth where a high-order approximation (taking into account 
the five first terms of the spherical harmonic development) geomagnetic field line 
from infinity cuts the earth’s surface; in the northern hemisphere this intersection 
point is situated 281 km north-west of the geomagnetic axes pole (ef. HuLTevist, 
1958) at a geomagnetic longitude of 124-8° W. This point coincides almost exactly 
with the point of intersection of Bartel’s eccentric dipole with the earth’s surface. 
If the velocity of rotation about the axes described as a first approximation is 
assumed to be identical with that about the true rotation axes of the earth, it can 
easily be shown that the ordinary geomagnetic time difference between Kiruna 
and College is approximately 7° greater than the corresponding time difference 
related to the eccentric dipole axes. Thus 7° of the average geomagnetic time 
difference, with a value of 10-6°, can be accounted for by the higher spherical 
harmonic terms of the field. For a confidence level of 0-1 per cent the confidence 
interval of the average geomagnetic time difference is 10-6 + 3-7. Hence the 
experimental average of 10-6° is significantly different from 7°. Some other 
explanation may be necessary for the 3-6° difference between the observed 
average of 10-6 and the average of 7 for which the effects of higher terms of the 
geomagnetic field have been taken into account. 

A possible interpretation of the remaining average geomagnetic time difference 
with regard to the sun is that the auroral current system, when it has developed, 
starts to rotate slowly counter to the earth’s rotation. For since Kiruna has a 
geomagnetic longitude 220-1° east of College, it will pass the point of change of 
direction of the horizontal auroral zone current 14-7 hr earlier than College. Our 
analysis was confined to days which had positive as well as negative bays on both 
the Kiruna and the College records; hence, a systematic rotation of the auroral 
zone current system with respect to the sun will introduce an average geomagnetic 
time difference between Kiruna and College. That the hypothesized rotation of the 
current system must be counter to the earth’s rotation follows from the fact that 
the geomagnetic time of passage of the geomagnetic horizontal component through 
the zero-disturbance level is, on the average, greater for Kiruna than for College. 

A velocity of revolution of one-fourth of a degree per hour with regard to the 
sun would be enough to account for the remaining 3-6° difference in geomagnetic 
time between Kiruna and College after subtraction of the influence of the higher 
spherical harmonic terms. If no correction is made for the latter influence, the 
velocity of revolution will have to be three times greater. 

That the above discussion must be based on the geomagnetic coordinate 
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system and not the geographic is evident from the fact that the current system 
has a more fixed position in a geomagnetic coordinate system (not rotating with 
the earth) than in a geographic one. 

An investigation similar to the present one but embracing more than two 
geomagnetic observatories at the same geomagnetic latitude near the auroral zone 
would show whether or not the hypothesized rotation of the auroral zone current 
system is the cause of the observed average geomagnetic time difference. It would 
also make it possible to determine separately the effects of the higher spherical 
harmonic terms of the geomagnetic field and that of the hypothetical rotation of 
the current system. 

In the 4-year period studied, no secular change was found in the geomagnetic 
time difference between Kiruna and College. The years 1950 to 1953 made up a 
period of declining and low sun-spot activity. It would be of interest to compare 
that period with another of high solar activity. 

A noteworthy finding is that while the current system as a whole is less variant 
in the geomagnetic coordinate system than in the geographic (the average geo- 
magnetic time difference between Kiruna and College is +10-6° and the average 
apparent time difference —41-7°), the seasonal variation is much greater for the 
geomagnetic (21-3°) than for the apparent (3-8°) time difference. As regards the 
geomagnetic time difference between Kiruna and College, a discrepancy of 14-3° 
between summer and winter emerges when (2) and (3) are averaged over the two 
seasons by integration. The discrepancy between summer and winter may therefore 
be expected to be 14:3° greater for the geomagnetic than for the apparent time 
difference if the statistical material is equally distributed over the whole years. 
The observed seasonal difference is 17-5°—a reasonable value. If the auroral zone 
current system were invariant with regard to a geomagnetic coordinate system not 
rotating with the earth, the expected geomagnetic time difference would be 
approximately zero and the apparent time difference about —14-3°. 

The seasonal variation of the geomagnetic time difference can be formally 
accounted for by assuming that the auroral zone current system rotates counter to 
the earth’s rotation at a velocity of about 0-9° per hr in the summer, but with the 
earth’s rotation at 0-6° per hr in the winter. This result emerges when the geo- 
magnetic time difference is corrected for the influence of the higher spherical 
harmonic terms by subtracting 7°. Without this correction, the rotation velocities 
would have to be 1-3° per hr in the summer and approximately zero in the winter. 
If the passage of the geomagnetic horizontal component through the zero-dis- 
turbance level were studied in respect of several observatories at similar latitudes 
near the auroral zone, the findings would help to establish the extent to which the 
relevant seasonal variation is due respectively to higher spherical harmonic terms 
and—if at all—to the hypothesized rotation of the auroral zone horizontal current 
system. 

Seasonal variations have also been observed for other auroral zone parameters. 
JENSEN and CuRRIE (1953), for instance, found that the average azimuth of the 
auroral ares in Canada has a significant seasonal variation. A spherical harmonic 
analysis of the geomagnetic field for different seasons would be of great value in 
the study of these questions. 
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Abstract—In this work we discuss a system for long-range communications between ground and a low- 
orbiting satellite. The ionosphere is likened to a spherical Luneberg lens which in a small region has a 
refractive index given by n*(p) p” No" p*(1 | p**) 2, (where p is the distance from the centre and / is a 
parameter.) Under certain restrictive conditions, it is shown that a ray properly injected in the iono- 
sphere can travel long distances without entering the upper atmosphere. A method for possible injection 


of the rays is also discussed. 


1. INTRODUCTION 
Tus work is a tentative description of the elements of a system which may provide 
predictable ionospheric communications between a low-orbiting satellite and a 
station on earth, or other applications which meet the constraints established by 
the transmission medium. The problems discussed have evolved from a study of 
theories regarding the antipodal reception of signals which have been initiated 
from the ground (BREMMER, 1949) or from a satellite (WoyxK, 1959). However, 
this work differs from the work of other authorst in two respects: (a) in considering 
frequencies that are above 40 Mc/s, and (b) in suggesting that at these frequencies, 
there is ducting of rays which have been properly injected inside the ionosphere. 

For the description of the problem, a particular model of the ionosphere has 
been assumed and calculations have been performed for a particular variation of 
electron density with height. It is recognized that the model may be inaccurate, 
that there may be temporal fluctuations of electron density at each point, and 
that there will be substantial asymmetries of this electron density profile with 
longitude. These uncertainties suggest that the existence of the duct and means 
for entering it should be explored experimentally rather than by a mathematical 
model. 

This experimental work could have other interesting applications, including 
the measurement of the natural behaviour or artificial disturbances of the iono- 
sphere along extended regions and as a communication channel for other applica- 
tions; these applications may be sufficiently important to justify special means 
for entering and leaving the duct and a suggestion for artificial scattering centres 
is described in Section 4. 


2. GEOMETRICAL CONSIDERATIONS 


A highly idealized model of the ionosphere consists of a spherically stratified 
dielectric surrounding a conducting earth. In a spherically stratified medium, the 


* Operated with support from the U.S. National Aeronautics and Space Administration. 
+ M. Batsrr, of Lincoln Laboratory, has independently suggested the same mode of propagation in 
1958. 
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index of refraction n is a function of the distance from the origin. In such a med- 
ium, light rays are plane curves which satisfy the generalized Snell's law: 


rn(r) sin « = constant = k (1) 


where « denotes the angle from the positive direction along the ray to the direction 
of increasing r. If (7,0) are the polar co-ordinates of a point on a ray, then we can 
deduce from equation (1) that: 


: k dr 
0 — O( Ror) = 9 — 09 = + 


9 
ro TA/[r?n?(r) — k?] (2) 


where @ denotes the polar angle covered by the ray that starts at (79,9)) and ends 
at (7,0) as indicated in Fig. 1. Since the ray has to satisfy Snell's law at all points 
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Fig. 1. Geometry in a spherically stratified ionosphere. 


of its trajectory, the angle « will not remain constant. A point at which « = +7/2 
is called a turning point of the ray and it is at this point that the distance from the 
origin is a maximum. The co-ordinates of this turning point are denoted by 
(r*,0*) and therefore at the turning point 

r*n(r*) = |k| = ron(r,)|sin @|. 3) 


To fix ideas, we have assumed in Fig. | that the stratified ionosphere begins at 
r = 19. We have also assumed that a ray is injected from a source point at Rp 
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perpendicular to the radius vector Ry. In the region ry > Ry > R,, the index of 
refraction is equal to 1 and therefore 
ha 
6(Ro,%o) = k(1/r)(r? — k?)-/? dk = [cos“1(k/r) ]}*o = cos!(k/rp) — cos-1(k/ Rp). 
JR, 


Since k = Rp sin (7/2) = R, and cos“! 1 = 0 we get 
6(Ro,79) = cos-}(Ro/79) (4) 


a result which could also have been obtained by simple trigonometry. The angle 
§ accumulated while the ray is inside the dielectric is more difficult to compute. 
For example, 


nye 
O(%,%,5*) = k(1/r)[n?(r)r?_ — k?)-1/? dr (5) 
“To 

where §(79,79*) is the angle between the point of entrance in the ionosphere and the 
turning point. The integration of equation (5) proceeds from ry up to the point 
where (79*)9* = |k| = 7 |sin 6|; i.e. up to the singularity of the integrand. If 
we have a knowledge of n(r) then we can easily compute 7)*. The co-ordinate 7eq* 
can also be computed from 6(79,79*) and 7)*. It determines the equivalent height 
of a perfectly reflecting layer in the absence of a dielectric. According to the law 
of Breit and Tuve (1926), the time needed for the propagation along the curved 
path DT is equal to the time required for propagation along DEF in free space. 
For the ionosphere, (7) is at best an experimental curve. It is the result of 
ionospheric sounding experiments or of direct electron density measurements 
with high-altitude rockets. In all cases n(r) is a derived quantity which is given by 


n?(r) = 1 — (47e?/mm?) N(r) (6) 


where \(r) is the profile of the electron density of the ionosphere, w is the frequency 
in radians, e and m the electron charge and mass, respectively. 
A more convenient form of the refractive index is given by 


n(r) = 1 — (Wer/@)? (7) 


where w,, is the critical frequency in radians, i.e. the frequency for which the 
refractive index goes to zero: 


Oo? = 3:18. 10°N(r) 


where J is given in electrons per cubic centimetre. This is the index of refraction 
when the magnetic field of the earth and the effects of collisions are neglected. For 
a more detailed description of the ionosphere, the reader is referred to the review 
articles in the Proceedings of the Institute of Radio Engineers (47, No. 2, 1959). 
For the general magnetoionic problems, the reader is referred to the books by 
RATCLIFFE (1959) and BREMMER (1949) which contain representative modern 
presentations of the subject. 

Since V(r) is an experimental function, any calculations for ray trajectories 
have to resort to numerical methods. However, there are regions in the ionosphere 
where good approximations of the refractive index can be achieved with functions 
that are of closed form and which, in addition, will give closed form integrals in 
equation (5). 
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Assume now that in a very small region of the ionosphere the index of refraction 
varies as 


m(r) = M/(1 + (r/a)?) (8) 


where n, is an arbitrary constant. The medium characterized by such an index is 
known as the Maxwell’s ‘‘fish-eye’. The interesting property of this medium is 
that each ray follows a circular path. In addition, all the rays from an arbitrary 
point Py meet in a point P, on the line joining P, and the origin of the co-ordinate 
system (r = 0); P, and Py are on the opposite sides of the origin and OP). OP, 
=a*, The region in a spherically stratified and homogeneous ionosphere that has 
the properties of the fish-eye is a very thin shell and under these conditions one 


Ky 


XS 


Fig. 2. Classification of modes associated with sky-wave propagation. 


See 


can expect a thin bundle of rays originating at the appropriate height and inside 
the thin shell to focus at an antipodal point of the ionosphere. However, the 
conditions of the fish-eye are rather restrictive and we investigate more general 
conditions for stable rays in Section 3 that follows. The conditions are similar 
to those met in underwater sound transmission when there is a negative velocity 
gradient followed by a positive gradient. In a spherical stratification of the 
ionosphere, the important quantity to consider is rn(r) and there is a region in the 
ionosphere where the variation of this quantity has the required properties. For 
communications between ground stations, appropriate launching requires some 
form of intermediate scattering which limits application. The region, on the other 
hand, at which this effect may be noticed is low enough (200 + 30 km) to be of 
value to low-orbiting systems. 
It should be noted that the effect described is not due to the fact that there is 
an interchange of ray paths between the ionosphere and the space below the 
ionosphere where the rays are straight lines. The mode of propagation based on 
such an interchange of rays has been described by BREMMER (1949), Woyxk (1959) 
and RypBEcK (1944). Rypserck classifies these modes into three categories: 
(a) Modes associated with rays propagating by continuous reflections between 
earth and ionosphere (1). 

(b) Modes associated with rays that can be reflected by the ionosphere but 
which cannot reach the earth (III). 

(c) Modes associated with rays that are reflected by the ionosphere which 
graze the earth’s surface (II). 

These modes can be visualized by reference to Fig. 2. Excluding scatter 
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propagation, Mode I is the only mode that can be used for long-range communica- 
tion since, for a standard ionosphere all around the earth, a ray injected at the 
earth surface will, after reflection in the ionosphere, always intercept the earth 
surface at some other point. With the advent of satellites, modes II and III have 
also become important since now there is a way of injecting a ray from a point 
over the surface of the earth. It should be noted that since rays of type II or III 
will never reach the earth, their usefulness would be of no importance in a standard 
ionosphere around the earth. Thus, variations of ionospheric conditions (scattering 
centres) have to exist if a ray initiated as a type II or III is to reach the earth at 
all. 
3. THE GENERALIZED MAXWELL LENS 

LENz (1928) has studied the generalized Maxwell lens which is commonly known 

as the ‘‘fish-eye’. The index of refraction of this lens has the form 
n° | 

y p ptt 4 2-1 
where k > 0 and where p is the normalized distance from the origin of the co- 
ordinate system. For k = 0, the above expression reduces to the simple index 
of refraction for the ‘‘fish-eye’’. The properties of this lens are sufficiently well 
known as not to warrant repetition here; for details, see the articles by STETTLER 
(1955) and MorGan (1958). 

In what follows, we give a discussion of a generalized Maxwell lens which has 
the same index of refraction mentioned above, but restricted to values of k such 
that 2k = 4 — 1, where this time / is a positive integer, 2 > 1 


mer (9) 


A] 
n 
sigh se ee (10) 
i+p 
Here p is taken to be equal to r/ry and the above expression is introduced in 
equation (5). With A = sin («/n») we find 
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The turning point of the rays is determined from the zeros of the denominator of 
the integrand 
p** — K(1 + p*”*) = 0 


which are given by 
(1/2) 


oA 
g* = (tan a ; (13) 
Introducing this value for p for the upper limit of the integral and taking p = 1 
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as the lower limit, we get 


o* — —— + const. (14) 
yy 


mh 


which is a very interesting result. In Figs. 3(a), 3(b) and 3(c) we have plotted the 
ray trajectories for 2 = 2, 3,4 and 5. For 4 = 1 we have the fish-eye as described 
earlier. For 4 > 1 we have rays that ‘‘oscillate’’ around p = 1. Whatever their 
initial launching angles, they will focus at points defined by 26* and p = 1. 





Fig. 3(a). Ray tracing in the generalized Maxwell lens for / 


To approximate ionospheric conditions, we would need to take a large value 
of 2. In most cases, we should take one value of 4 for p > 1 and another for p < 1. 
There is one case where the same A will do. 4 = 25, for example, would approximate 
a 50 Mc/s transmission for one particular model of the ionosphere. In this case 


20* — 7/25 = 0-125 rad 


which at a distance of 6500 km from the centre of the earth would give an arc of 
810 km between foci. 

In Fig. 4 we have reproduced an ionospheric profile (BAUER and DANIELS, 
1959) which for our purpose can be considered a good approximation for an 
ionosphere in the summer months at noon and at middle latitudes. For this 
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Fig. 3(b). Ray tracing in the generalized Maxwell lens for 4 = 3. 
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Fig. 3(c). Ray tracing in the generalized Maxwell lens for 4 = 4 and A = 5. 
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particular profile, we have calculated n?(r)r?2 with wm as the parameter (Fig. 5). 
We have also plotted (Fig. 6) 

A 

p 

xt igh 3 
ee 

for 0:99 < p < 1-01t and 2 = 10, 20, 30, 40, 50 and 60. It can be seen by com- 
parison of the two graphs that there are values of the parameter m and 4 that will 
fit two graphs quite well, and for a rather broad range of heights inside the iono- 
sphere. In one particular case, for example, (about 40 Mc/s) the range extends 
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Fig. 4. Electron density profile (BAUER and DANIELS, 1959). 


about 50 km above and below 200 km. We can then see that for high enough 
frequencies the rays can travel appreciable distances inside the ionosphere without 
having to enter the upper atmosphere. For lower frequencies, on the other hand, 
the conditions are quite different, and for long range propagation, the rays have 
to emerge from the ionosphere and travel in straight paths. 

At best, this example serves to illustrate the effects of the sphericity in the 
guidance of the rays. The inversion as achieved with the chosen refraction index 
can only be achieved in the ionosphere in a very small region of its extension. 
Outside of this region, one should expect an intermediate linear transmission as 
studied, for example, by Woyk (1959). 

The previous curves have been computed for an ionosphere at noontime and 
in the summer. At an antipodal point, the conditions will be quite different, the 
maxima of the densities will be at higher elevation and the maxima themselves 
will probably be an order of magnitude smaller. There is also going to be an 
asymmetry between the rising and setting conditions because of the different 
rates of production and recombination of charged particles at the two different 
geographical locations. A further difficulty is going to be the reported tilts of the 
ionosphere which will scatter the rays. 





+ p = 1 is taken as the radius of the ionosphere where n(r)r is a local maximum. 
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4. ARTIFICIAL SCATTERING CENTRES 


It has been stated earlier in this report that use of any of the methods for 
long-range propagation requires intermediate scattering. In the case of the waves 
described by RypBeEck (1944) and Woyk (1959), elevated platforms (high-altitude 
balloons) are required. However, the frequencies considered by them are relatively 
low and therefore the absorption losses in the D-layer will be accordingly high. 
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Fig. 5. n(r)r? vs. height or distance from centre of earth. 


In the case of the frequencies above 40 Mc/s, the restrictions of launching require 
a platform which is at about the same height as the region where the ducting takes 
place. 

Several possibilities exist for placing artificial scatterers or re-radiators at 
these altitudes. Sounding rockets capable of reaching these altitudes with payloads 
as high as 50 |b are relatively inexpensive. For example, loads of chaff or even 
active transmitters can be placed at these altitudes to pick up ground signals and 
re-radiate them. Ifthe useful width of the duct is limited to 100 km (200 + 50 km) 
and the payload is dispensed at the highest altitude, then the payload will have 
fallen through the 100 km duct in about 140 sec. While this is an interesting 
amount of time, one would like to have a more extended communication period 
than this if possible. Of the many possibilities considered, the artificial electron 
clouds described by Maro et al. (1959) seem to be especially promising. These 
clouds, having a lifetime of the order of half an hour, were produced by the release 
of caesium at an altitude of approximately 120 km. The caesium is ionized by 
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the Lyman «-radiation from the sun while at the same time it diffuses away from 
the point of release. 

To see how an electron cloud of this type will scatter electromagnetic radiation, 
we have made a preliminary model of the electron cloud. This model, however 
remote from reality, serves to demonstrate the possibilities only. A spherical model 
is assumed with an index of refraction varying linearly with the distance from the 
centre. We can see in Fig. 7 how a plane wave is scattered symmetrically around 
the spherical cloud.t 





+ 
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Fig. 6. n?(p)p* vs. p in a generalized Maxwell lens. 





5. ProposEp FurTHER WoRK 


It would be impossible at this point to decide from calculation alone whether 
the mode of propagation that has been described is a mode that can be achieved 
in practice. The only justifications that we have given are purely geometrical and 
the assumptions made on the properties of the ionosphere are rather crude. The 


+ Assuming n(r) = r, 0 < r < 1, it can be shown that the integral in equation (5) takes the value 
6* = —(1/2) cos“ (sin «). At this angle r* = /|sin «|. These two values have been used to prepare 


Fig. 6. 
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only possible indication that it is a real mode of propagation comes from a descrip- 
tion by WARREN and Haae (1958) of a single-hop propagation of radio waves to a 
distance of 5300 km between Slough, England, and Ottawa at over 40 Mc/s. The 
above authors have demonstrated the existence of an exceptionally long Pedersen 
ray which is probably almost parallel to the surface of the earth for the largest part 
of its trajectory. 
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Fig. 7. Refraction of a plane wave due to a spherical electron cloud. 


Further work seems to be justified. While the following should not be con- 
sidered a complete work statement, it indicates the class of problems which must 
be studied. 

(1) Existence of the duct and its properties. 

(a) Verify the existence of the duct. 

(b) Determine the attenuation law of the duct and establish the possible 
existence of scattering through the boundaries of the duct. 

(c) Determine the effect of various ionospheric disturbances on this duct. 

(2) Methods for scattering energy into the duct. 

(a) Study the production, lifetime, and scattering or refracting cross- 
section of artificial electron clouds. 

(b) Consider alternative scattering methods including natural scatter, 
active re-radiators and chaff loads. 


Acknowledgement—The writer is indebted to Dr. H. SHerMAN of Lincoln Laboratory 
for his interest in this work. 
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Abstract—A study has been made of bursts of signal received at Cambridge over a distance of 500 km 
from the 53-25 Mc/s BBC television transmitter at Kirk o’ Shotts. These signal bursts, believed to be 
due to reflections from meteor trails, were usually found to fade at a rate of several cycles per second. 
This fading is believed to be due to changes in the diffraction pattern formed on the ground by waves 
scattered from separate parts of a meteor trail. By observing the signal bursts on two aerials spaced 
200 m apart deductions have been made about the size of the structure in the diffraction pattern and the 
way in which it changes with time. It is concluded that the scale of the diffraction pattern is determined 
by the total length of the meteor trail rather than by the size of the individual irregularities into which 
it breaks and the value found for the mean trail length is in good agreement with that found by other 
workers. The fading is found to be due to two causes, to random movements inside the trail and to 
rotation of the trail as a unit under the action of a wind shear. Values deduced for the r.m.s. random 


velocity and for the wind shear are again in agreement with those believed to exist in the #-region. 
. 5 5 


1. INTRODUCTION 
Ir a very high frequency radio wave is received at a distance of about 500 km 
from a sender, it is found that its amplitude frequently increases by a large factor, 
for times ranging from about 0-01 see to many seconds. These signal bursts have 
been shown (ForsytH and VoGan, 1955; Brices, 1956) to be caused by reflections 
from the ionized trails of meteors. During a burst the wave is often found to 
fluctuate rapidly in amplitude. It is thought that the trail, after about the first 


! sec of its lifetime, becomes sufficiently distorted for several scattering centres to 
appear along its length. Interference from waves scattered from these centres 
causes a diffraction pattern to be formed on the ground. Changes or movements 
of this diffraction pattern are thought to be the cause of the fading. 

This paper gives an account of measurements made to investigate the nature 
of the diffraction pattern on the ground and the way it changes in time. 


2. THE OBSERVATIONS 

The waves were emitted by the BBC television sound transmitter at Kirk 
o Shotts and were received at Cambridge, distant at about 480 km from the 
transmitter. The frequency was 53-25 Mc/s and the sending aerial was such that 
most of the energy was radiated at small angles of elevation. It was therefore 
possible to receive echoes at Cambridge from meteor trails that lay behind the 
receiver as well as from trails that lay between the receiver and the transmitter. 

The aerials used for reception were double three element Yagis mounted on 
20 ft masts and with a beam width of about 80°. Two aerials were used which were 
spaced 200m apart along the line joining the transmitter and receiver. The 
receiver had a band width of about 150 c/s and a cascode first stage to give a low 
noise figure. The two aerials were switched alternately into the receiver at a rate 
of 50 c/s and the output from the receiver switched at the same rate to two pens 
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272 





The fading of radio waves reflected obliquely from meteor trails 


of a high-speed pen recorder. The recorder was capable of responding to fre- 
quencies up to 90 ¢/s and the phase of the two switches was adjusted so that each 
track recorded the signal from a single aerial. 

An example of a signal burst recorded in this way is shown in Fig. 1. The 
switching period can be seen, each pen returning to zero while the other pen is 
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Fig. 1. Example of a burst received on the spaced aerials. 


recording. The amplitude of the signal is thus given by the envelope of the switch- 
ing waveform. It can be seen that while the fading is similar on the two aerials it 
is not identical. Bursts which lasted several seconds occurred about once an hour 
and about thirty bursts for which good records were obtained have been analysed 
in detail. These were examined to find the autocorrelation functions of the fading 
at each aerial and the cross-correlation function between the fading at the two 
aerials. 


3. SCATTERING OF WAVES BY OVERDENSE METEOR TRAILS 


3.1. Introduction 


A meteor trail is said to be overdense if the line density of electrons is greater 
than 1014 m-!. In this case an incident v.h.f. radio wave is unable to penetrate the 
trail and for a considerable time it behaves like a perfectly reflecting metal cylinder. 
A strong echo is received, lasting several seconds, during which fading is usually 
observed. 

The exact mechanism by which the trail breaks up is uncertain. GREENHOW 
(1952) and Mannine and ESHLEMAN (1957) believe that diffusion takes place and 
that the trail is simultaneously distorted by the wind structure. Booker and 
CoHEN (1956) consider that small-scale turbulence exists as well as large-scale 
wind shears and that this, rather than diffusion, is the major factor in determining 
the rate of expansion of the trail. However, they suppose that the velocities of the 
large scale wind structure are greater than that of the small scale structure, so 
that both theories relate the fading speed to the large-scale velocities. 


3.2. The size of the diffraction pattern 

Before we can interpret the experimental results we must decide what sort of 
diffraction pattern would be produced at the ground by a radio wave reflected from 
a meteor trail. We shall suppose that the trail has a limited length Z and that it 
has an irregular structure which can be described in terms of an autocorrelation 
function p(7). We shall suppose that p(7) falls to a small value when 7 = /, and 
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shall call / the size of an irregularity in the trail. We further suppose that there 
is a large number of irregularities in the trail, so that 1 < L. 

Standard diffraction theory, reviewed by Ratcuirre (1956), shows how it is 
possible to determine the statistical nature of the diffraction pattern produced by 
a trail of this kind. In that theory, the one-dimensional diffraction pattern is 
taken to have a complex amplitude which is a function f(z) of the distance x over 
the pattern. The complex autocorrelation function p,(&) is defined as the average 
value of the quantity f(x). f*(~ + &), the averaging being carried out for all values 
of x from x = —2 tox = +o. It is shown that p,(&) is calculable from the 
known length Z of the trail and the known autocorrelation function p(7) of the 
irregularities; if, as we have here supposed, LZ > / it is very nearly equal to p(n). 
It would therefore be possible, if we could observe the whole diffraction pattern 
from x = —o to x = +, to determine p(7) and hence /, the size of the irregu- 
larities in the trail. It might seem that this would involve measurements of 
the complex amplitude f(z) over the ground, but it can be shown (RATCLIFFE, 
1956, §8.3) that the same information can be deduced approximately if we know 
the magnitude of |f(a)|. |f(~ + &)| averaged over all values of x, where |f| denotes 
the observed real amplitude of the wave. 

In the problem with which we are concerned the situation is, however, different 
from that discussed above. The wave amplitude in the diffraction pattern is 
measured at fixed points and its time variation is observed. It is not, therefore, 
possible to determine the space average of |f(2)| . |f(z + &)| for all values of x, but 
only the time average for fixed values of x and £ Now if meteor trails were 
infinitely long and were statistically stationary, space and time averages would be 
the same, because the diffraction pattern would have the same autocorrelation 
function and so the same scale for all values of x. When the trail is of finite length, 
however, the statistical properties of the diffraction pattern vary with x. The time 
average correlation which is measured gives the autocorrelation function of a 
small part of the diffraction pattern which lies in the direction of the specularly 
reflected wave. MERCIER (1960) and Briaas (1960) have shown that if the distance 
from the meteor trail to the diffraction pattern is appreciably less than /Z// then 
the autocorrelation function of this part of the pattern is equal to p(7), so that it 
gives information about the size of the irregularities in the trail. If, however, the 
distance is appreciably greater than /L//, the autocorrelation function which is 
measured has the same form as the diffraction pattern which would be formed by 
the trail, of length ZL, if it were quite smooth. It gives no information about the 
size of the irregularities. 

These conclusions are compatible with a simple physical argument, which can 
be stated as follows. Suppose as in Fig. 2(a) that an aperture AB contains irregu- 
larities such as C which are considerably smaller than AB, and suppose that A B is 
irradiated from above by a plane wave. Let the Fraunhofer diffraction pattern of 
C occupy a range of angles ¢, and let the aperture AB subtend an angle 6 at the 
observing point P. Then if, as in Fig. 2(b) d < 6 all irregularities between those 
labelled C and D will contribute to the intensity at P, where different parts of their 
diffraction patterns will be sampled. Measurements at P might therefore be 
expected to provide information about the size of the irregularities. If, however, 
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as in Fig. 2(c), 6 > 6, all the irregularities contribute to the intensity at P, but 
only with the central portions of their diffraction patterns. Since the outer portions 
of the diffraction patterns are not operating at P examination of the wave there 
cannot reveal the size of the irregularities; it will reveal only the length AB of 
the aperture. 


(a) (b) (c) 
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Fig. 2. Diagram illustrating the scattering principles. 


On the Booker and Cohen theory of the disruption of the trail, the size of the 
irregularities into which the trail is broken is comparable with the wavelength 
used. Their angular spectrum will extend from —z/2 to +7/2. The receiver will 
always be at a distance greater than /L//, and the pattern size is determined by 
the length of the trail. 

On the other theory of the disruption of the trail it is assumed to break into 
large pieces which turn through different angles. Specular reflection occurs from 
each piece, and the incident beam is turned through the angle appropriate to its 
orientation. Each specularly reflecting piece of trail contributes a line to the 
angular spectrum at the angle corresponding to the direction of each reflected 
wave. If the trail is distorted so that specularly reflected radiation is received 
from points along its whole length the angular spectrum will have a width equal 
to or greater than the angle subtended at the receiver by the trail. The receivers 
are again further from the trail than the critical distance, and it will be impossible 
to distinguish the diffraction pattern from that which would be formed if the trail 
broke up as on the Booker and Cohen theory. 

On the theory that the trail breaks up into large pieces there will be a short 
initial period during which radiation can be received only from the region near the 
initial reflection point on the trail. This is in sharp distinction to the other theory 
in which the pattern size assumes its final value immediately. It is thus possible 
experimentally to decide which of the two theories is correct. Unfortunately the 
results given in this paper are not extensive enough to be able to make this 
distinction. 

In the above discussion we have restricted ourselves to two dimensions. In 
practice the meteor trail may be formed in any orientation and the problem is 
three-dimensional. Since, however, the length of a trail is so much greater than 
its width the diffraction pattern on the ground will also be extremely elongated 
and in one direction can be considered effectively infinite. The discussion given 
above will then apply to the pattern size in the direction perpendicular to this 


direction of elongation. 
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3.3. The fading 

As explained in the introduction the fading is caused by changes in the diffrac- 
tion pattern produced when different parts of the trail move relative to each other. 
There are two ways in which this can happen. 

The first mechanism by which fading can be produced is translational motion 
of the diffraction pattern over the ground. This can be caused either by translation 
of the trail itself or by rotation of the trail as a single unit, such as would be caused 
by a constant wind gradient. Translational motion of the trail can be shown as 
follows to be unimportant. Velocities in the #-region are usually less than 100 m 
sec"! and the pattern size found experimentally was of the order of 500 m between 
maxima. Fading periods corresponding to this would be several seconds. In 
practice they were usually found to be a few-tenths of a second showing that 
translational motion of the trail cannot be an important factor. Rotational motion 
of the trail cannot however be neglected and as we shall see in Section 4.3 wind 
gradients necessary to produce the observed fading rate do exist in the H-region. 

The second mechanism by which fading can be produced is by changes in the 
diffraction pattern on the ground. These will be produced by random movements 
inside the meteor trail. From a knowledge of the fading speed it is possible to 
deduce the magnitude of the random velocities. 

We thus conclude that fading could be caused either by rotation of the meteor 
trail, or by random distortions of the trail. There is one important difference 
between these two mechanisms. This is that rotational movement of the trail will 
cause the same diffraction pattern to move over both aerials. The fading should 
therefore be the same at both aerials but a time shift will occur between them. 
Random movements will cause rather different changes to take place at the two 
aerials, and no systematic time-shifts will be observed. 


4. THe EXPERIMENTAL RESULTS 

4.1. Introduction 

Twenty-eight bursts were analysed to find the autocorrelation function for the 
fading at each aerial and the cross-correlation function for the fading at the two 
aerials. Records lasting about 4 sec were analysed in this way, the exact duration 
depending upon the fading speed. Care was taken to see that no systematic change 
in amplitude, such as would be produced during the decay of the echo, was present. 
Ten of the bursts have been divided into two or more sections and each section 
analysed separately. Half of the bursts were observed with the aerial pointing 
towards the transmitter and half with it pointing away from the transmitter. 

Examples of the resulting correlation functions are shown in Fig. 3. In these 
figures the mean autocorrelation function is shown by a solid line and the cross- 
correlation function by a dotted line. It can be seen that the character of the 
functions was extremely variable. The cross-correlation at zero time shift had all 
values from zero to unity and was occasionally negative. About 20 per cent of the 
bursts showed periodic fading, resulting in correlation functions similar to Fig. 3(e), 
and many, as for example 3(c) and 3(e) showed time shifts. These were generally 
small and difficult to measure accurately. 
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Fig. 3. Examples of correlation functions obtained for the fading within the bursts. 
—— Mean autocorrelation for the two aerials. ——-— Cross-correlation. 


When the fading is fast the method of recording introduces an inherent error 
into the cross-correlation function for the following reason. Since we switch from 
one aerial to another the signals from them are not recorded simultaneously but 
at intervals of 0-02 sec. In order to compare amplitudes at the same time it has 
been supposed that the signal amplitude has changed linearly in the interval. It 
can be shown that this approximation reduces the observed value of the cross- 
correlation and an experiment was done to estimate the importance of this. It 
was found that except for very fast fading and high values of the cross-correlation 
the effect could be neglected. 


4.2. The pattern size 
In order to determine the size of the pattern on the ground some assumption 
must be made. We determine only one value for the cross-correlation at zero time 
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shift, namely that appropriate to the aerial spacing. To find the spacing 2, at 
which we would have obtained a correlation of 0-5, which we shall call the pattern 
size, some assumption about the shape of the space autocorrelation function must 
be made. The assumption that has been made here is that this has the same shape 


as the time autocorrelation function. 

Fig. 4 shows the resultant values for x, plotted as a function of the time T after 
the start of the bursts. Two groups are shown for the two aerial positions and those 
points joined by straight lines represent different parts of the same burst. 





(a) 

















Fig. 4. Pattern size (to 0-5 correlation point) as a function of the time 
after the start of the bursts. (a) Back-scatter. (b) Forward-scatter. 


In Section 3.2 it was shown that one of the two theories of the disruption of a 
meteor trail demanded that the pattern size should decrease with time after the 
start of the burst while the other demanded that it should stay constant. While 
Fig. 4 shows that there can be considerable variation during the lifetime of a burst 
there is insufficient evidence to show whether on the average there is a decrease or 
not. 

To obtain a value for the mean pattern size it is not permissible merely to 
average the values of x, obtained. Since the pattern is very elongated in one 
direction the average obtained would be very large and bear little relation to the 
pattern size perpendicular to the elongation. If we make the assumption that the 
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pattern is infinitely elongated and is randomly orientated on the ground then the 
mean size perpendicular to the elongation is given by 
Deas 
I Nz, 


where the bar denotes a mean value. 
The resultant values for y, for the bursts shown in Fig. 4 are: 


in the forward-scatter position, Yo = 160 + 30m 
in the back-scatter position, Yo = 120 + 20m 


In order to compare these values with those expected theoretically some 
further assumptions must be made. For this purpose a simple model was taken in 
which the earth was supposed to be flat and all the trails formed at a height of 
100 km. Taking into account the shapes of the receiving and transmitting aerial 
polar diagrams the most likely elevations at which trails give rise to echoes are 45° 
in front of and 30° behind Cambridge. The size of the pattern on the ground was 
computed for trails formed in these positions, coplanar with the transmitter and 
receiver, and subsequently distorted so that radiation is received from the entire 
length of the trail. 

It was necessary to introduce a further distinction between the large- and 
small-scale theories of trail disruption. This was that on the former theory the 
orientation of the trail must remain near that for specular reflection, while on 
the latter theory it may have any value. Calculations have been made for the four 


possible cases and comparison of the theoretical with the experimental pattern 
sizes gives the values for the lengths of the trails shown in Table 1. 


Table 1. Lengths of the meteor trails 





Large-scale | Small-scale 
theory theory 


Forward-scatter (km) 
Back-seatter (km) 
Ratio of pattern 

size f.s./b.s. 





The values deduced for the trail length are all in the region of 10 km with 
little difference on the two theories. The expected ratio of pattern size at forward- 
and back-scatter is different on the two theories but unfortunately the experi- 
mental value of 1-3 falls between them with a large possible error. 

{SHLEMAN (1957) has shown that for sporadic meteors the mean trail length is 
about 15 km; our experimental results are in reasonable agreement with this. It 
thus appears that the size of the diffraction pattern formed on the ground during 
the fading of a signal reflected from an overdense meteor trail can be adequately 
accounted for in terms of a theory relating it to the length of the trail. 
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4.3. The fading rate 

The time delays ¢, necessary for the time correlation functions to fall to 0-5 
are shown plotted in Fig. 5 against the time 7 after the commencement of the 
bursts for the two aerial positions. The mean values of ty are: 


in the forward scatter position, t, = 0-10 + 0-02 sec 
in the back scatter position, ty = 0-06 + 0-01 sec 


These two values are not significantly different but an examination of a very much 
larger number of bursts showed that in general the fading was slower in the 
forward-scatter than in the back-scatter position. 





0-5 
(a) 

















Fig. 5. Half-widths ¢, of the autocorrelation functions shown as a function of the time 7’ 
after the start of the bursts. (a) Back-scatter. (b) Forward-scatter. 


In Section 3.3 we saw that two mechanisms can cause fading-rotation of the 
trail as a unit and random movements inside the trail. The principal difference 
between these is that the former produces time shifts in the maximum value of the 
cross-correlation function whereas the latter does not. Fig. 6(a) shows values of 
the time shifts 7, measured from bursts for which it was possible to establish them. 
For some of the bursts, such as that whose correlogram is shown in Fig. 3(f), it 
was impossible to determine a time shift and these have been omitted. Of the 
remainder most show time shifts of zero or 0-01 sec and it was found experimentally 
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that values as small as this could not be considered significant. Of thirty-five 
useful correlograms only sixteen showed definite time delays. 

It can easily be shown that if the fading is produced entirely by rotation of the 
trail (i.e. movement of the diffraction pattern over the ground) then the ratio 
(T9%)/(Uotg) will be unity, where /, is the aerial separation and x, and f, are as pre- 
viously defined. Ifthe fading is produced entirely by random changes in the pattern 
then this ratio will be zero. Fig. 6(b) shows a histogram of the values of (7 9%9)/(/o¢9) 
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Fig. 6. (a) Histogram of the time delays, 7). (b) Histogram of (7 9% 9/lot,). The shaded 
portions represent correlograms with a periodic component. 


for all the bursts whose time delays are shown in Fig. 6(a). Again it can be seen 
that the majority of the values are small. wo of the values are greater than unity 
and this must be attributed to the difficulty in measuring the time shifts accurately. 
About one-third of the bursts show values of this ratio significantly different from 
zero and we may conclude that in these the fading is principally caused by move- 
ment of the diffraction pattern. In the remainder for which the ratio is small the 
fading is caused by random movements inside the trail. 

The shaded parts of the histogram correspond to bursts with a marked periodic 
component. Although it is not statistically significant there appears to be a 
tendency for these to be associated with a drifting pattern. 

The bursts were divided into three groups, those in which the ratio (79%9)/(/of9) 
was less than 0-3, those in which it lay between 0-3 and 0-7 and those in which it 
was greater than 0-7. The first group was analysed to find the mean random 
r.m.s. velocity which would produce the observed fading rate, similarly the third 
group was analysed to find the rate of angular rotation of the trails. The second 
group in which the two mechanisms act with approximately equal importance 
was discarded. The same model as in Section 4.2 was used for the calculation of 


these velocities 
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When the fading is produced by random movements the fading rate is dependent 
upon the component of the random velocity perpendicular to the bisector of the 
scattering angle and is therefore proportional to the cosine of the semi-angle of 
scatter (BookEr eft al., 1950). It therefore follows that the fading rate is expected 
to be greater for back-scatter than for forward-scatter; this is confirmed by the 
experimental results. An expression can easily be obtained relating the fading 
rate to the random velocities of the separate scattering centres of the trail and an 
analysis of the results gave the root mean square random velocity to be about 
10m sec~!. This is rather smaller than is generally believed to exist in the #-region 
(GREENHOW, 1952; Bookrr, 1956.). Re-examination of the results showed that a 
selection had been made and bursts with slower fading rates had been chosen as 
these were less liable to error produced by the high fading rate. A detailed examina- 
tion showed that the figure given above should probably be increased by a factor 
of 2. 

The eight bursts which showed large values of (79% 9)/(lpt)) were analysed on the 
assumption that the fading was produced entirely by movement of the pattern on 
the ground across the two aerials. It was thus possible to calculate the necessary 
angular velocity of the trail. The mean value of this was found to be (6 + 2) x 10-3 
rad sec-!. This represents a rotation of the whole trail and corresponds to a wind 
shear velocity of 6 m sec-! km~!. This agrees well with other values obtained for 
the E-region (GREENHOW and NEUFELD, 1955; Booker, 1956). 

The tendency noted for bursts with periodic fading to be associated with large 
time shifts can also be explained. Periodic fading is most likely to be produced by 
the beating together of waves from two major scattering centres. Any relative 


motion of these not along the line joining them constitutes a rotation of the trail 
and time shifts will be observed. 


5, CONCLUSION 

In this paper experimental results have been given concerning the fading rate 
and the size of the diffraction pattern for long-duration bursts of signal observed 
over a 500 km path. These have been analysed on the assumption that the bursts 
are due to reflections from overdense meteor trails and that both the fading and 
the diffraction pattern are caused by interference between waves reflected from 
different parts of these trails as they are distorted by winds in the ionosphere. 

It has been shown that the size of the diffraction pattern on the ground is 
determined by the length of the trail rather than the size of the irregularities into 
which the trail breaks. Analysis of the experimental results for the pattern size 
gives a value for the mean length of a trail consistent with that obtained by other 
methods. 

The fading is found to be due to two causes. The first and more important 
mechanism is changes in the ground diffraction pattern produced by random 
movements inside the trail. The second mechanism which is responsible for the 
fading in about one-third of the bursts is rotation of the trail as a unit causing the 
diffraction pattern to move over the aerials. 
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Laboratory, Cambridge as part of the programme of the Radio Research Board. 
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Daytime enhancement of the amplitude of geomagnetic 
sudden impulses in the equatorial region 


(Received 22 July 1960) 


THe problem of whether or not the origin of geomagnetic sudden impulses (s.i.s) is the 
same as that of geomagnetic-storm sudden commencements (s.¢.s) seems to be very interest- 
ing in relation to the interpretation of magnetic storms. 

FERRARO ef al. (1951) examined the daily variation in the frequency of s.c.s and s.i.s at 
six stations, Cheltenham, Tucson, San Juan, Honolulu, Huancayo and Watheroo, and 
showed that any local time variation in the hourly frequency of s.c.s seemed likely to be 
small, whereas the frequency curve of s.i.s exhibited a significant daily variation which 
was very nearly semi-diurnal. Then they suggested that there was an essential difference 
between s.c.s and s.i.s in spite of the similarity of their appearance on the magnetic traces. 

On the other hand, Jackson (1952) also examined the properties of s.c.s and s.i.s 
(which he called s.c.-tvpe movements) recorded at Abinger, Sitka, Cheltenham, Tucson, 
San Juan and Honolulu, and found that the properties of s.i.s were the same as, or very 
similar to, those of s.c.s. More recently YAMAGUCHI (1958) has studied s.i. phenomena at 
Kakioka, and showed that on the average s.i.s are followed by a storm-time variation 
D,,, though its range is much less (about one-tenth) than that of the usual magnetic storm. 
Thus the results of Jackson and YAMAGUCHI seem to suggest that there is no essential 
difference between s.c.s and s.i.s. 

The purpose of this note is to obtain more information about s.i.s. The data examined 
here* are 110 s.i.s during the IGY at eleven stations, Honolulu, Kanoya, M’Bour, Fanning, 
Ibadan, Jarvis, Muntinlupa, Huancayo, Koror, Guam and Apia (see Fig. 1). We have 
recently studied (MArpA and Yamamoto, 1960) the daily variation in amplitude of s.c.s 
by using the data at these same stations, and found that the daytime enhancement in 
amplitude of the horizontal component of s.c.s occurs at all stations in the equatorial 
region. Such an analysis has now also been made for s.i.s, and its result is shown in Fig 2 
by the full lines. And, for comparison, the previous result for s.c.s is illustrated (but 
averaged over every two U.T. hours) in the same figure by the dotted lines. It will be seen 
from the figure that: (1) the daytime enhancement at equatorial stations occurs not only 
in amplitude of s.c.s but also in amplitude of s.i.s; (2) the character of daily variation in 
amplitude at each equatorial station is almost the same for both s.c.s and s.i.s. These 
results may support the opinion that the s.i. occurs essentially by the same mechanism as 
the s.c., though there are somewhat different properties between them. 

As shown in Fig. 3, however, the number of s.i.s (and of s.c.s) recorded at every two 
U.T. hours of the day during the IGY may be not so large and not so uniform over the 
whole day as to make any exact conclusion attainable. Further there may be raised a 
question concerning the effect of any daily variation in the amplitude o? s.i.s at Honolulu 

* The selection of s.i.s is based on the list (including all types of s.i.s) of Geomagnetic and Solar Data 
published by CCMD, IAGA, in the Journal of Geophysical Research. 
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Fig. 2. Daily variation of the ratio of amplitudes of s.i.s (AH) (full lines) and s.c.s (AH) 


(dotted lines) at Kanoya, M’Bour, Fanning, Ibadan, Jarvis, Muntinlupa, Huancayo, 
Koror, Guam and Apia to those at Honolulu, during the IGY. 
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Fig. 3. Number of s.i.s (full lines) and s.c.s (dotted lines) recorded at every two U.T. hours 
of the solar day during the IGY. 
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which was used as a base, but it seems to us that this effect would be negligible because of 
such a similarity between s.i.s and s.c.s at all stations as seen in Fig. 2. Thus our results 
will be qualitatively accepted at least. 

We hope that more active studies will be made on s.i.s as well as s.c.s. 
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The correlation of radio source scintillation in the southern 
and northern hemispheres 


(Received 30 August 1960) 


Many modern auroral theories are based on the motions of charged particles trapped in the 
magnetic field lines between the southern and northern auroral zones. According to some 
of these theories auroral and ionospheric disturbances occur when the captive particles are 
caused to spill out of their orbits into the atmosphere, and the disturbances should be 
detected simultaneously in each hemisphere (VAN ALLEN, 1959; VeEsTINE, 1959). In view 
of the fact that an auroral origin of radio source scintillation has been questioned (Daaa, 
1957b) it is interesting to determine whether or not the scintillation activity in high southern 
latitudes is related to the activity in northern latitudes. 

Scintillation observations were made during the International Geophysical Year at the 
Royal Society Base, Halley Bay, Antarctica and have been compared with simultaneous 
observations made at Jodrell Bank in England. A full description of the methods and 
results of the Halley Bay observations have been given by BRENAN (1960) and the Jodrell 
Bank observations have been described by Cutvers (1960) and earlier workers. The 
details of the programmes undertaken at the two stations are not important to the present 
discussion and need not be repeated here. It is necessary however to refer to the positions 
of the stations and their coordinates are listed in Table 1. 

It can be seen from this table that the mutual placing of the stations is not ideal for 
comparisons of the activity in the two hemispheres, although it is more nearly so than for 
any other pair of stations operating during the International Geophysical Year. This is 
because the longitude of Halley Bay is 24° west of Jodrell Bank and this corresponds to a 
phase difference in any possible diurnal variation of activity at the two places of nearly 
2hr. Neither are the stations ideally situated with respect to the geomagnetic field since 
it is at places at either end of a field line that especially high correlation might be expected 
(VESTINE, 1959). VesTINE has computed the conjugate points of a selected number of 
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Table 1. 





Geographic | Geomagnetic 


Station : : . 
coordinates coordinates 





Halley Bay 75°31’S 26°36’ W 
Jodrell Bank 53°14’ N 2°18’ W 





stations using the observed magnetic field, and by interpolation of his results it transpires 
that the field line passing outwards at Halley Bay enters the ionosphere again in the vicinity 
of 54°N 22°W far to the west of Jodrell Bank. The Halley Bay scintillation observations 
used here are those of the Centaurus radio source made near the time of its upper cul- 
mination at Halley Bay. The data available at Jodrell Bank concerns the radio source in 
Cassiopeia which at that time bears approximately 30°E of N of the station, and the line of 
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Fig. 1. Correlation of scintillation amplitude at Jodrell Bank and Halley Bay 
(Median values and interquartile ranges). 


sight to the source then passes through the ionosphere several hundred kilometres distant 
from Jodrell Bank at a point nearly 2000 km from the conjugate point of Halley Bay. 

The scintillation amplitude at Halley Bay at each upper culmination observation has 
been compared with the amplitude measured at the same time at Jodrell Bank. The 
correlation diagram is shown in the figure and the correlation coefficient is +0-37 for 388 
pairs of observations. This is a statistically significant correlation. Moreover the correlation 
coefficient would probably have been higher still if it were not for the limitations that have 
been mentioned earlier. The physical significance of the correlation is less obvious and will 
be discussed next. 

Few results have been published on the day-to-day correlation of scintillation activity 
at stations separated by a few hundred kilometres, and they are restricted to places in the 
same hemisphere. Thus though LirrLte and Lovety (1950), Kostrer (1958), STANLEY and 
SLEE (1950) and Rerp (1957) have all considered some aspects of the differences between 
the scintillation at distant stations only the first two publications refer to the question of 
whether scintillation can occur at one station without being detected at the other. 
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Using the data given by LirrLe and Lovett for sixty-six observations of the Cassiopeia 
source it appears that the correlation coefficient relating the occurrence of scintillation at 
Cambridge and Jodrell Bank (210 km apart) was +-0-65. The correlation analysis made by 
Koster of the simultaneous occurrence of scintillation at Cambridge and Ghana showed 
that the activity was unrelated at the two places. The correlation coefficient between 
twenty-two pairs of observations was only -+-0-08. 

When these values are compared with the correlation coefficient + 0-37 derived from 
Halley Bay and Jodrell Bank data it appears that there is a closer connexion between the 
scintillation occurring at high latitudes in the two hemispheres than between that occurring 
at a high latitude and the equator. This suggests that there may be a distinction between 
the origin of equatorial and high latitude scintillation and the distinction is emphasized 
when the close correlation observed between high latitude scintillation activity and magnetic 
disturbances (Daca, 1957a; Cuivers, 1960; BRENAN, 1960) is compared with the singular 
lack of correlation between equatorial scintillation activity and magnetic disturbances 
(KosTER, 1958). 

It was the difficulty of explaining equatorial and high latitude scintillation together in a 
single theory that led Daae (1957b) to reject the idea of an auroral origin of scintillation. 
The results quoted here however suggest that no single theory could be expected to account 
for both types of scintillation, and the demonstrated correlation between the activity at 
Halley Bay and Jodrell Bank strengthens the view that high latitude scintillation and 
auroral activity are closely associated. 


Acknowledgements—I am grateful to Dr. H. J. A. Cutvers for providing the Jodrell Bank 
scintillation data. The work formed part of the programme of the British National Com- 
mittee for the International Geophysical Year. 
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The magnetic storm-time variation of radio star scintillations 
and auroral radio echoes 


(Received 1 September 1960) 


ConTINUOUS observations have been made at Jodrell Bank since the 1954 sunspot minimum, 
of radio star scintillations of the source in Cassiopeia and of radio echoes from the aurora 
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borealis. The scintillations have been recorded on a frequency of 80 Mc/s using an equatori- 
ally mounted array and receiving equipment as described by Dace (1957). The radio 
echoes have been obtained with a low power rotating aerial apparatus on a similar frequency 
(BuLLOUGH and KatsEr, 1954). 

For the 4 years 1955-1958 the results have been analysed into magnetic storm time 
which, for this purpose, has been defined as being measured from the time of a world-wide 
sudden commencement (s.c.). The total number of sudden commencements considered 
was eighty-six and of these forty were followed by auroral echo activity within 2 days. 





(a) 











Hourly intervals 











Hours ofter s.c. 


The magnetic storm-time variation of auroral echoes for the periods 
(a) January 1955-June 1957 (b) July 1957—December 1958 
(c) January 1955-December 1958. 


Since a large fraction of sudden commencements is followed by weak magnetic storms, 
whereas auroral echoes are only obtained during moderately disturbed conditions, this 
figure is reasonable. About 80 per cent of all the series of echoes recorded during the period 
were preceded by a sudden commencement and this suggests that echo activity is mainly 
related to s.c. type magnetic storms. 

The storm-time variations of echo incidence and mean scintillation rate are shown in 
Figs. 1 and 2. The variation of echo incidence has been plotted for the periods January 
1955—June 1957 and July 1957-December 1958 separately and combined. An interesting 
feature of Fig. 1(c) is an apparent minimum at about 10 hr but although its presence can 
be detected when two portions of the data are plotted separately in (a) and (b) it is difficult 
to be sure that this is a genuine effect. It is worth pointing out, however, that the time at 
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which the D,, variation of the horizontal component of the geomagnetic field in the region 
of the echoes reverses in sign is not very different from the time of the minimum. (VESTINE 
et al., 1947). 

The variation of scintillation rate shown in Fig. 2 rises to a maximum in about 7 hr and 
then slowly decays to the undisturbed level. As expected, for sudden commencements 





Mean scint Ilation rate (per min) 
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Hours after s.c. 


The magnetic storm-time variation of mean scintillation rate. 
(a) All sudden commencements. 
(b) Sudden commencements followed by auroral echo activity. 


which were followed by echo activity the general level of scintillation rate is higher. For 
these occasions the mean variation of magnetic activity has also been found from the 
magnetic K-index recorded at Eskdalemuir. The result is shown in Fig. 3. The main 
features are very similar to those of Fig. 2, suggesting that the two quantities plotted are 
related in some way. 














20 
Hours after s.c 


Fig. 3. The magnetic storm-time variation of the Eskdalemuir magnetic K-index for 
sudden commencements followed by auroral echo activity. 


The apparent minimum of Fig. 1 occurs within the broad maximum of Fig. 3 and this 
suggests that the relationship between magnetic activity and scintillation rate does not 
hold for magnetic activity and echo occurrence. Furthermore, if the apparent minimum 
of Fig. 1 is related to the D,, variation of the geomagnetic field then this implies that the 
D,, variation has its origin within the ionosphere and not in an extra-terrestrial ring 
current system. 
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The gyromagnetic ratio of the proton 


(Received 20 September 1960) 


IN ORDER that all measurements of the intensity of the geomagnetic field, made by in- 
vestigators and observers throughout the world, might be referred to the same fundamental 
physical constant, the following resolution was adopted by the Association of Geomagnetism 
and Aeronomy, International Union of Geodesy and Geophysics, at the XII General 
Assembly of the Union in Helsinki, Finland, during the period 25 July—6 August 1960: 


L’Association de Géomagnétisme et D’Aéronomie considerant la nécessité d’un accord 
général sur la valeur 4 adopter pour le rapport gyromagnétique du proton intervenant dans 
les mesures du champ magnétique terrestre, demande que, dans l’attente d’une décision 
sur la valeur définitive qui sera adoptée éventuellement par un organisme international 
compétent, la valeur 2-67513 104 radians/gauss seconde soit celle rerenue pour toutes 
les mesures du champ magnétique terrestre faites au moyen d’un magnétométre a proton 
a précession libre, utilisant de eau pure comme source de protons. 


The International Association of Geomagnetism and Aeronomy, considering the need for 
a universal agreement regarding the value of the gyromagnetic ratio of the proton for 
measurements of the geomagnetic field, strongly recommends that, pending the agreement 
and specification by an appropriate international scientific organization of a final value, 
all measurements of the geomagnetic field with a proton free-precession magnetometer, 
using pure water as a proton sample, shall be based on the following value of the gyro- 
magnetic ratio: 2-67513 » 104 radians/gauss second. 
J. H. NELSON 
Chairman, Committee on Magnetic Instruments 

International Association of Geomagnetism and Aeronomy 


* Present address: Royal Radar Establishment, Malvern, Worcs. 
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The Atmosphere and the Sea in Motion. The Rossby Memorial Volume. Fdited by B. Bouin. 
The Rockefeller Institute Press in association with Oxford University Press, London, 1960, 
509 pp., 105s. 


CaRL GusTAV RossBy possessed in remarkable degree all of the qualities of the great geophysi- 
cist—originality and wide scope in his research, organizing ability and the drive necessary to 
put his schemes into operation internationally, the faculty of clear writing in several languages 
and, above all, an intense energy and fervent enthusiasm for the development of the geophysical 
sciences. He literally burned himself out in the cause. His sudden death at the age of 58 after a 
heart attack in August 1957 just before the Toronto General Assembly of the International 
Union of Geodesy and Geophysics (of which he was President of the Association of Meteorology) 
came as a great shock to his colleagues of all nations and cast a shadow over the Assembly. At 
this time, many of his colleagues and former students had already been invited to submit 
scientific contributions for a special volume to celebrate Professor Rossby’s sixtieth birthday 
anniversary. 

The editors of this superbly produced book write in the preface “‘Fate thus has altered the 
title of this volume but not its purpose, which is to provide a permanent testimony of the 
remarkable impact of a man who has been an enormous source of inspiration as a teacher and an 
international leader in science and scientific cooperation’. The title of the book is appropriate; 
Rossby’s contributions to studies of large scale circulations in the atmosphere and ocean are of 
fundamental importance. 

The book opens with a long article on Current Problems in Meteorology by Rosssy himself; 


masterly in the broad view it gives of the present state of the subject, in the insight it provides 
into future trends of likely development over the whole field and in its clarity of expression, this 
essay will be read with profit for many years by every meteorologist, student and master alike. 
It was written for the 1956 Yearbook of the Swedish Natural Science Research Council and has 
been admirably translated into English. There follow two short biographical sketches by close 
friends: Tor BERGERON, who writes charmingly of the early life at Stockholm and after gradu- 
3jerknes at Bergen; and HoracEe Byers, who describes the 


ating, among the disciples of V. 
exhilarating experience of studying under Rossby at M.I.T., his enormous influence on meteoro- 
logical and oceanographical studies in America, the opportunities provided in the U.S.A. for the 
development of his organizing talents and the final period back home in Stockholm. A biblio- 
graphy of Rossby’s publications concludes this section. 

The five headings under which the forty-six scientific papers are grouped: The Sea in Motion, 
Distribution of Matter in the Sea and Atmosphere, The General Circulation of the Atmosphere, 
Characteristic Features of Atmospheric Motion, and Weather Forecasting are all fields in which 
Rossby himself made notable contributions and some of the papers are developed directly from 
his original work. All the contributors are either colleagues or former students of Rossby and 
the list, it need hardly be said, is an impressive one. All but three of the papers are in English, 
two being in German and one in French. As the quoted headings indicate, the range of subjects 
discussed in the forty-six papers is wide; each has been a labour of love by its contributor and 
it would be invidious for a reviewer of a Memorial Volume to select any for special mention. 
Suffice it to say that this magnificent book is a wholly worthy tribute to the distinguished man 
it commemorates and that it will for long be read and consulted by meteorologists and oceano- 


graphers. 
J. PATON 
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Book reviews 


Handbook of Geophysics, Revised Edition. Macmillan, New York, and Brett-Macmillan, Galt, 
Ontario, 1960, 690 pp., $15.00. 


THE first edition of this volume was issued, privately in 1957, with the title Handbook of Geo- 
physics for Air Force Designers. The world of geophysics will now be grateful to the Geophysics 
Research Directorate of the U.S. Air Force for sponsoring the open publication of this revised 
edition. The volume is a reference book rather than a scientific text, since its value resides 
chiefly in the data—tabular and graphical—contained in it; though, in each chapter there is 
given a concise explanatory account of the geophysical subject dealt with. There are twenty- 
one chapters, dealing, respectively, with Model Atmospheres, Temperature, Atmospheric 
Pressure, Atmospheric Density, Wind, Precipitation, Clouds, Atmospheric Composition, 
Atmospheric Electricity, Geomagnetism, Meteors, Terrestrial Surface Parameters, Electro- 
magnetic Wave Propagation, Visibility, The Ionosphere, Thermal Radiation, The Sun, Cosmic 
\adiation, Jet Aircraft Condensation Trails, Atmospheric Exploratory Devices and Acoustic 
Propagation in the Atmosphere. 

Sixty civilian scientists, employed by the U.S. Air Force, have collaborated in the pre- 
paration of this geophysical encyclopaedia, garnering information from satellite and rocket 
flights, Arctic expeditions, solar observations, balloon flights and thousands of meteorological 
observations. Only in tabulation of important geophysical data does the present reviewer find 
fault. Here one might have expected that, in a publication dated 1960, such tabulations would 
have at least included values “‘up to and including the I.G.Y.”’.. The chapter on Geomagnetism 
is notably deficient in this respect, where the work of BARTELS on planetary indices of magnetic 
activity is not given its deserved prominence. It would also have been helpful to the research 
worker if the chapter on the Sun had contained monthly values of Ziirich sunspot numbers for, 


say, the last two solar cycles, and daily values for the special period of the I.G.Y. 


E. V. APPLETON 





Vistas in Astronomy. Volume 3. Edited by A. BrER. Pergamon Press, Oxford, 1960, 345 pp., £6. 


THE new volume of Vistas in Astronomy is made up of twenty-one contributions whose contents 
cover nearly as wide a field as those of its two well-known predecessors; the astronomical 
articles range from new instrumentation and observational methods to galactic structure and 
cosmology. Geophysics is included through a brief paper by A. H. JARRETT on ““Techniques in 
Auroral Investigations’. 

Some of the contributions to this volume might have been published equally well in one of 
the standard scientific journals. Others, however, come close to the ideal of critical research 
surveys which the Editor must have had in mind when he embarked on the continuation of the 
series of Vistas. 

H. von KitBer presents an admirable authoritative paper on the present position of the 
determination of Einstein’s light-deflection. O. J. EGGEN’s contribution on colour-magnitude 
diagrams and stellar evolution is of similar importance. Some fifty pages, the longest article of 
the volume, are devoted to a theoretical discussion by B. E. J. Pacrt of the formation of emission 
lines in stellar spectra. Many readers will weleome D. W. Sctama’s topical review of the 
observational foundations of cosmology. 

Special mention should also be made of the Astronomer Royal’s stimulating article on 
stellar dynamics, of G. M. Stsson’s views on the design of large telescopes, of R. A. LyTTLETON’s 
discussion of the rediscovery of Neptune, and last but not least of A. N. ARGUE’s paper which 
gives an excellent indication of the fundamental work which is now being done at Cambridge on 
Schmidt-photometry. 

This will be enough to show that the volume contains something of value to every 
astrophysicist, and that we can look forward with interest to future volumes of Vistas. 


H. A. BrtcK 





Book reviews 


Physics of the Upper Atmosphere. Edited by J. A. Ratctirrr. Academie Press, New York, 
1960, 586 pp., $14.50. 


THE PUBLICATION of this authoritative work of critical scholarship is an event of great import - 
ance for readers of this Journal. The practical exploration and theoretical study of the upper 
atmosphere has now become one of the most active and progressive fields of physical science; 
and the army of its investigators is daily attracting new recruits to its ranks. New types of 
experimental observations on atmospheric phenomena are continually being made which 
confirm, or supplement, or supplant those made in the past; while new theories are being 
advanced and old ones confirmed or discarded. Yet, all the time, there is overall progress. 

In the case of such a rapidly developing subject, it requires an act of courage to describe it 
at any one moment of time. Professor 8. K. Mirra, of the University of Calcutta, made the 
first heroic attempt of this kind when he published the first edition of his book The Upper 
Atmosphere in 1947, and its second edition in 1952. This has been a treatise which has excited 
general admiration, as much for the unity of its treatment as for the encyclopaedic scope of its 
survey. One might also mention, correspondingly with appreciation, the recently published 
volume entitled The Upper Atmosphere by H. 8. W. Massey and R. L. F. Boyp, though this 
volume was addressed to the general, as well as to the professional, reader. 

In the case of the present volume under review, the editor, Mr. J. A. Ratcuirre of the 
Cavendish Laboratory, Cambridge, and himself a distinguished radio investigator of the iono- 
sphere, has assembled a team of world authorities on separate aspects of upper-atmospheric 
physics, each of whom has written a monograph on a topic of defined scope. There are eleven 
of such monographs with the following titles and authors: ““The Thermosphere—the Earth’s 
Outermost Atmosphere” (S. CHAPMAN); ““The Properties and Constitution of the Upper Atmos- 
phere” (M. Nicotet); ‘‘The Upper Atmosphere Studied by Rockets and Satellites” (HoMER 
E. NEWELL, Jr.); ““The Sun’s [onizing Radiations” (H. FriepMaAN); ““The Airglow” (D. R. 
Bates); ‘General Character of Aurorae” (D. R. Bates); “The Auroral Spectrum and its 
Interpretation” (D. R. Batss); “Radar Studies of the Aurora” (H. G. Booker); ‘The Iono- 
sphere” (J. A. RATCLIFFE and K. WEEKES); “The Upper Atmosphere and Geomagnetism 
(E. H. Vestine); and “The Upper Atmosphere and Meteors” (J. S. GREENHOW and A. C. B. 
Lovett). In a final, twelfth, chapter, the individual authors bring their own articles as up to 
date as possible by recording some of the advances made during the I.G.Y. (1957-58); and 
there are references to papers published as late as December 1959. 

In spite of the composite authorship this new work is extraordinarily uniform in character. 
Sometimes, of course, it has been necessary to give the “‘best available” explanation of some 
atmospheric phenomenon at the time of writing, and it is here that the treatment is so much to 
be admired for its judicial nature in temporary circumstances. It is perhaps for this reason 
more than anything else that the volume will itself further the progress of its own subject; for 
it will stimulate the reader, as well as inform him. 

E. V. APPLETON 
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Indices of geomagnetic activity 


of the Observatories HARTLAND (Ha), ESKDALEMUIR (Hs) and Lerwick (Le) 
May—August 1960 


The figures given on pages 296 to 299 represent the K-indices for three-hour intervals, 
beginning with 00-03 hrs for the first and ending with 21—24 hrs for the eighth figure. 
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Papers to be published in future issues 


W. G. Maruews and L. Watiace: Auroral temperature determination from A*II — X?X bands 
of the N,* molecule. 

S. A. Bownrii: The scattering of radio waves by an extended randomly refracting medium 

R. Hurron and R. W. H. Wricut: Diurnal variation of earth currents at the equator 

C. M. Mrynis: An estimate of the peak sunspot number in 1968 

S. A. Bowniit: The effective recombination coefficient of an ionosphere containing a mixture 
of ions 

s. N. Guosw and A. SHarMA: Excitation of green and red lights in the night airglow 
L. Dowpen: A theoretical model of electron density distribution along a geomagnetic line 
of force in the exosphere 
HrapincG: Analytical considerations of ionospheric windows for low frequency radio waves 


D. Watkins: Auroral radio-echoes and magnetic disturbances 


D. Watkins: Temporal variations of auroral radio-echo activity in sub-auroral latitudes 


= - . ‘ x i‘. ; : 
. Waite, N. A. Porter and C. D. Lone: Observations on Cerenkov radiation from the night 
sky 
D. WuITEHEAD: The formation of the sporadic-F layer in the temperature zones 
s. GRUBER: Statistical analysis of radio star scintillation 
. K. HARGREAVES: Random fluctuations in very low frequency signals reflected obliquely from 
the ionosphere 
. J. Reynoups: Energy transport due to turbulent mixing in the atmosphere 
WALLACE: Seasonal variation and interpretation of the OH rotational temperature of the 
airglow 
M.C. PanpE and 8.8. Varma: Study of variations of the forbidden oxygen lines in the nightglow 
J. P. DoucuHerty: On the influence of horizontal motion of the neutral air on the diffusion 
equation of the F-region 
M. HERTZBERG: Ion—neutral reactions 
J. E.C. Guippon and P. C. Kenpatu: Theoretical world curves of maximum F'2-ionization—II 
H. Unz: On the evaluation of the group refractive index in case of no collisions 
R. K. MacCrone and F. R. N. Nasarro: Behaviour of broadcast frequency waves at oblique 
incidence during an annular eclipse 
G. F. Fooxs and [. L. Jones: Correlation analysis of the fading of radio waves reflected vertically 
from the ionosphere 
A. J. Lyon, N. J. SkrnNER and R. W. Wricut: Equatorial spread-F at Ibadan, Nigeria 
J. HArwoop: Some observations of the occurrence and movement of sporadic-# ionization 
W. R. Piccort and L. W. Barctay: The reflection of radio waves from an ice-shelf 
R. NatsmitH, H. C. Bevan and P. A. Smrru: A long term variation in the relation of sunspot 
numbers to #-region character figures 


W. C. Barn: Observations on Sputniks I and II in relation to radio wave propagation 
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Literature on Solar Eclipses and the Ionosphere* 
C. M. MrInnts 


INTRODUCTION 


A symposium at which the effects of solar eclipses on the ionosphere were discussed 
was held in London in August 1955 under the auspices of the I.C.S.U. Mixed Com- 
mission on the Ionosphere. The proceedings at the symposium were published in a 
volume edited by W. J. G. BEyNon and G. M. Brown and entitled Solar Eclipses 
and the Ionosphere (Pergamon Press, London 1956). This volume, which is referred 
to below as S.E.I. includes a very full bibliography which was compiled before and 
during the symposium. 

Many of the difficulties which relate to the interpretation of ionospheric changes 
during eclipses and which were discussed in 1955 have still not been resolved. It 
seems desirable that these problems should be reviewed in the light of more recent 
work described in papers published during the 5 years which have elapsed since the 
compilation of the 8.E.I. bibliography. These papers have been listed and classified 
using the methods already adopted in S.E.I. and are included in the Supplementary 
Bibliography which follows and which may be regarded as a continuation of the 
S.E.I. bibliography. 

For eclipses of 1954 and earlier, the additional papers continue the numbered 
sequences already begun in 8.E.I.; for later eclipses new sequences have been 
introduced. A few papers which refer to earlier eclipses, and which were not in- 
cluded in 8.E.I. have also been added to the Supplementary Bibliography. 


AMENDMENTS TO S.E.I. 


The following amendments should be made to the S.E.I. list: 
. 308: 12-1 Delete ‘Nature 69 (1912) p. 191’; insert ‘Electrician 69 (1912) p. 109’. 
12-2 Delete ‘Nature’; insert ‘Electrician’. 
. 311: 36-15 Add ‘Rep. Radio Res. Japan 6 (1936) pp. 115-142’. 
36-20 The title and references should be as follows: “‘lonospheric Obser- 
vations during the total solar eclipse of June 1936 in Tomsk. 
Tech. Phys. U.S.S.R. 4 (1937) pp. 466-484 (in English). Zh. tekh. 
fiz.'7 (1937) pp. 1237-1252 (in Russian)’. 
36-23 Add ‘Rep. Radio Res. Japan 6 (1936) pp. 143-150’. 
. 317: 52-21 Delete ‘(1954)’; insert ‘(1956) No. 181’. 


Supplementary Bibliography on Solar Eclipses and the Ionosphere 
This list of papers is a continuation of a similar list which is contained in 
Beynon and Brown: Solar Eclipses and the Ionosphere (Pergamon Press, London 


* Paper No. IC/72 of the Department of Scientific and Industrial Research Radio Research Board 
Upper Atmosphere and Ionosphere Committee. Grateful acknowledgement is made to the Committee 
for permission to publish. 





C. M. Minnis 


1956). The title of this publication has been abbreviated to ‘SEI (1956)’ in the 
references. 


1. CHRONOLOGICAL CATALOGUE OF ECLIPSES 


Eclipses of 1912 
12-7 Fiemine, J. A.; Effect of the eclipse on wireless telegraph signals. Electrician 69 (1912) 
pp. 190-191. 


Eclipses of 1932 

32-26 Burton, E. T. and BoarpMAN, E. M.; Effects of solar eclipse on audio atmospherics. 
Nature 181 (1933) pp. 81-82. 

32-27 Witkes, M. V.; Theoretical ionization curves for the H-region. Proc. Phys. Soe. 51 
(1939) pp. 138-146. 

32-28 (see 35-4) 


Eclipses of 1944 

44-4 Barat, 8.8.; Ionospheric observations during solar eclipse. Rep. Ionosph. Res. (Univer- 
sity of Caleutta) Vol. I (1950-51) pp. 13-15. 

44-5 Barat, S8.8.; Ionospheric studies at Calcutta (1944-1950). J. Sci. Industr. Res. 10A (1951) 
pp. 60-64. 

44-6 Mirra, N.; Investigation of discrete sources of radiation from solar eclipse observations. 
Indian J. Phys. 31 (1957) pp. 69-82. 

44-7 BuarracHaryya, J. C.; Non-uniformity in the brightness of the sun’s disk at sunspot 
minimum. J. Atmos. Terr. Phys. 18 (1958) pp. 43-44. 


Eclipse s of 1948 


48-10 Nacata, T. NAKATA, Y. RIKITAKE, T. and Yoxoyana, I.; Effect of the solar eclipse on the 
lower parts of the ionosphere and the geomagnetic field. Rep. Ionosph. Res. Japan 9 (1955) 
pp. 121-135. 

48-11 (see 44-4). 


Eclipses of 1952 

52-24 Minnis, C. M.; The effective recombination coefficients in the H- and F1-layers during 
the solar eclipse of 25 February 1952. J. Atmos. Terr. Phys. 9 (1956) pp. 36—44. 

52-25 Minnis,C.M.; Interpretation of ionospheric measurements made during solar eclipses. 
Nature 178 (1956) pp. 33-34. 

52-26 Minnis, C. M.; Electron production and recombination in the H-layer. J. Atmos. Terr. 
Phys. 7 (1955) p. 172. 

52-27 Hunarrts, J. and NicoLet, M.; Interpretation of ionospheric results during eclipses. 
J. Geophys. Res. 60 (1955) pp. 537-538. 

52-28 BurRKARD, O.; Temperature-controlled variations of the ionosphere during an eclipse. 
S.EI. (1956) pp. 69-73. ‘ 

52-29 Lesay, R. P. and Duranp, J.; Comparison of the results of ionospheric soundings at 
Bangui, Ibadan, Khartoum and Leopoldville. S.E.J. (1956) pp. 85-93. 

2-30 Piacorr, W. R.; Absorption measurements during an eclipse. S.#.I. (1956) pp. 106-115. 
—31 Barat, 8. 8.; LIonospheric measurements made at Calcutta during the solar eclipse of 

February 25 1952. J. Sci. Industr. Res. 11 (1952) pp. 236-238. 

52-32 Hazzaa, I. B.; Ionospheric observations at Helwan, Egypt. Proc. Math. Phys. Soc. 
Egypt 5 (1956) pp. 15-22. 

52-33 Bonnet, G. HUNAERTS, J. A. and NIcoLet, M.; Analysis of ionospheric results obtained 
in Africa during the solar eclipse of 25 February 1952. Commun. Obs. Belg. No. 121 (1957) 
or Bull. Acad. Roy. Sci. Colon. N.S. III, 4 (1957) pp. 964-981. 
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Literature on Solar Eclipses and the Ionosphere 


Eclipses of 1954 

54-7 Science and Culture; The solar eclipse of June 30, 1954. Sci. and Cult. 20 (1954) pp. 2-3. 

54-8 SrmaLsak, J. and Miterova, A.; Some observations in Bratislava during the solar eclipse 
on 30 June 1954. Bull. Met. Czech. '? (1954) pp. 132-134. 

54-9 Rastoci, R. G. and SHerirr, R. M.; A note on radio field strength observations made at 
Ahmedabad during the total eclipse on 30 June, 1954. J. Sci. Industr. Res. 14A (1955) pp. 
159-161. 

54-10 Karnov, A. N.; Change of radio signal strength during the solar eclipse 30 June, 1954. 
Priroda, Moscow § (1955) p. 113. 

54-11 Minnis, C. M.; Brightening of the solar limb in the far ultra violet. Nature 176 (1955) 
pp. 652-653. 

54-12 Sxeis, G.; The influence of the solar eclipse on the propagation of atmospherics in the 
frequency range 5-30 ke/s. Veroff. Met. Hydrol. Dienst. Potsdam No. 16 (1955) pp. 24-27. 

54-13 Bramtey, E. N.; Tilts in the ionosphere during the solar eclipse of 30 June 1954. J. 
Atmos. Terr. Phys. 8 (1956) pp. 98-104. 

54-14 SzeENDREI, M. E. and McEtuinny, M. W.; Preliminary results of the ionospheric solar 
eclipse of 25 December, 1954. J. Atmos. Terr. Phys. 8 (1956) pp. 108-114. 

54-15 SPRENGER, K. and Lauter, E. A.; Observations of the lower ionosphere during the solar 
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